Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



.CD, Google 



.CD, Google 



.CD, Google 



„, Google 



SIDEROLOGY : THE SCIENCE OF IRON 



D,g,l,i.aD, Google 



D, Google 



SIDEROLOGY 

THE SCIESrCE OF IRON 

flY 

HANNS FREIHEEE V. JttPTNEE 



TRANSLATED FROM THE OERMAN 



OHAELES SALTER 



MCT BOOK. 

The Publishers wish It to be distinctly understood thet this 
book Is supplied on suoh terms as prohibit It being sold below the 
published price. 

SeOTT, GREENWOOD i Go. 



LONDON 

SCOTT, GEEENWOOD & 00. 

19 LUDQATE HILL, E.O. 

1902 

[The tole Right qf Tranatatum into Bnglitk rtiit vrith ihe aioiv Ft'mi] 

oogle 



^:!^s^ 



GENERAL 



.CD, Google 



PREFACE 



The first inception of the present work originated in the 
author's lectures on the " Theories of Hardening," delivered 
at the Royal Mining Academy of Mining at Leoben, 1898— 
99. A conviction arose in his mind that a compilation of the 
present state of our knowledge with regard to iron would be 
the more desirable, both for students and practical metal- 
lurgists, owing to the existing lack of such a work, the 
literature on the subject being scattered throughout a variety 
of technical journals, and therefore difficult of access ; whilst 
at the same time the study of the original works is ^gravated 
by their being partly based on the most recent acqiurements 
of highly divergent branches of science, and partly by their 
having been written by various authors at very different times, 
thus entailing considerable trouble in collating the whole in a 
uniform manner. 

Another object of the work is to lay before the investi- 
gator in this field a succinct account of the researches already 
performed, and to display to the consumer of iron and steel 
the connection between the various properties, the constitution, 
and the methods of working the materials in question. 

Now, these divergent objects necessitate a more compre- 
hensive treatment of the subject than would suffice for each 
of them separately. For example, in the case of lectures to 
constructors of machinery, the chemical constitution of the 
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materials might be treated more briefly, whereas this point 
must necessarily be more fully dilated upon for metallui^iats. 

For all readers practically engaged in the subject of the 
work, it appeared to the author indispensably necessaiy to 
give a description of the modern theory of solution, on which 
indeed our present hypotheses are founded. 

The work iteelf falls into three portions, the fii-st of which, 
after describing the theory of solution, deals with the micro- 
scopical and chemical constitution of iron (with its supple- 
mentary constituents) and slags. The second part will treat 
of the connection between the chemical composition, the 
working, the microscopical structure, and the other properties 
of iron and steel ; whilst the third part will deal with the 
reaction between the metal, slags, and other re-agents. 

A brief outline having been given of the ground plan of 
the work, a few words may be devoted to the title selected. 
Like every child, each book must have a name. Titles like 
" Theoretical Metallurgy of Iron," " Chemistry of Iron," etc., 
would be insufficient to denote the contents ; and even 
" Siderography " (based on Osmond's Metallography) is not pre- 
cise enough. Probably the title chosen, Siderohgy, will best 
express the subject of the book, namely " The Science of Iron." 

That the work itself may prove useful to many, help to 
spread the science of iron throughout wider circles, and may 
find friends and collaborators not only among scientists but 
also among the producers and consumers of iron, is the sincere 
wish of 

THE AUTHOR. 
DoNAWiTZ, August 1900. 
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SIDEROLOCT: THE SCIENCE OF IRON 



INTRODUCTION 



The science now termed siderology comprises the study of 
iron and its alloys, and is a subject only as yet in its 
infancy. 

True, the beginnings are to be found in the literature and 
text-books ou iron smelting a long way back, but it is only 
within the last few years that the construction of this science 
has been undertaken, and that, too, with considerable eager- 
ness. At present a lai^ number of scientists are engaged 
in this direction, driving shafts and headings, aa it were, into 
the unexplored regions of this science, so that even now it is 
evident that the subject will be thoroughly opened up within 
a reasonable time. 

As in the case of other sciences in their process of 
establishment, so also here : many experimental attempts 
have had to be abandoned because they led only to barren 
residts, sometimes even collapsing altc^ether when not suffi- 
ciently shored up. And just as in ancient mines the work 
was not very productive, because hammer and chisel were the 
only tools, and their effects had to be eked out by the aid 
of fire, whereas nowadays much more successful results are 
obtained by means of drilling-machines and blasting ; so is it 
with siderology ; since the introduction into this science of 
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2 SIDEROLOGY: THE SCIENCE OF IRON 

such powerful supplementary tools as the microscope and 
physical chemietry, the winning proceeda at a rapid rate. 

It was, in fact, the microscopy of metals that gave the 
first impulse to the foundation of our science. It was found 
that the metallic alloys in general are far from homogeneous, 
but consist, as a rule, of elements of various structure, and 
attention was directed to ascertaining the chemical composi- 
tion of these latter. In this way metallography (Osmond) 
arose, and that portion of this science which deals with the 
alloys of iron has received the name of siderography (Jiiptner). 

Now the names metallography and siderography are analo- 
gous in construction to petrography or the science of rocks, and 
refer only to the sciences dealing with the investigation and 
description of the morphological and more intimate chemical 
composition of the metals (that is to say, of iron) or rocks. 
As regards the substances lying in the domain of these 
sciences, their concern with these substances is confined to 
the condition in which the latter actually come for exami- 
nation, and they disregard the circumstances imder which the 
substances have been formed, or the modifications which they 
undergo under certain conditions. 

If now these other circumstances be taken under- con- 
sideration, we arrive at a new science, standing towards the 
foregoing in about the same relation as geol(^ is towards 
petrography ; and this science of iron and its alloys is conse- 
quently entitled siderology (Jiiptner). 

Consequently siderology is the science which not only 
ascertains the more intimate morpholt^ical and chemical 
compositions of the iron alloys (siderography), but also ex- 
amines the modifications produced in this composition by 
external infiuences (mechanical and thermal treatment, etc.), 
and the relation existing between this composition and the 
physical and mechanical properties of these alloys. 

This explanation, however, does not sufficiently define the 
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INTRODUCTION 3 

limita of siderology. This science occupies itself, namely, not 
merely with the modifications of composition and properties 
sustained by the iron alloys under mechanical treatment by 
I'apid or proti-acted heating or cooling, etc., but also concerns 
itself with the alterations produced in the metal by reaction 
with other substances, and therefore attributable to oxidising, 
carbonising, and similar chemical processes, or to phenomena 
of solution. 

The similarity between petrography and siderography on 
the one hand, and geology and siderology on the other, has 
already been mentioned ; but there is still another prominent 
analc^ existing with regard to the means employed by both 
groups of allied sciences. The two first being descriptive 
sciences, chiefly rest upon two bases, morphology and chemis- 
try, and therefore mainly employ two adjimcts — the micro- 
scope and chemical analysis. On the other hand, the last 
two sciences are based not merely on the first, but also on 
a whole series of other supplementary sciences. Now this 
circumstance necessitates a brief treatment of the most im- 
portant parts of these supplementary sciences at the commence- 
ment of the present work. We will therefore first deal with 
the properties of solutions and the most essential parts of the 
theory of solution ; then will follow the morphological and 
chemical composition of the iron alloys and slags, as well as 
a description of their chemical and mechanical propei-ties ; 
and then only shall we arrive at siderolt^y in the more 
restricted sense of the term. 
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BOOK I 

THE THEORY OF SOLUTION 
CHAPTER I 

SOLUTIONS 

STARTraa with the conaideration of aqueous eolution, e,g. a 
solution of commoD salt in water, we fiod a diBtinction is 
drawn in colloquial ust^e between the aolvent (in this case 
water) and the diBSolved substance (in this case salt). 

A further distinction is drawn between dilute and con- 
centrated solutions ; and this seema justified when it is 
remarked that these two kinds of solution behave in a 
very different manner when they ai'e allowed to cool from 
an elevated temperature. 

In the case of a dilute solution of conmion salt the 
solvent separates in the solid form (ice) when, in the course 
of cooling, a certain temperature, depending on the degree of 
concentration, is attained, a more concentrated mother liquor 
beir^ left behind in the liquid state. As cooling prt^esses 
further, a temperature is finally reached at which the entire 
residual mother liquor solidifies aU at once. 

In concentrated solutions of common salt, on the other 
hand, a separation of the dissolved substance (salt) in the 
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8 SIDEROLOGY: THE SCIENCE OF IRON 

solid form occurs at a certain temperature, which also depends 
on the degree of concentration, leaving the now more dilute 
mother liquor in a liquid form, the latter subsequently 
solidifying throughout the entire mass on being cooled 
further. 

If these temperatures of the separation of ice or salt, 
and also the solidification temperature of the residual mother 
liquor be represented in gi-aphical form, the curve plotted 
in Fig. 1 of Plate I. will be obtained. In these figures the 
curve A B represents the separation of ice, the curve B C the 
separation of solid salt-; and the line D B E the solidifica- 
tion of the residual mother liquor. 

To make the matter clearer, we will trace the behaviour 
of several common-salt solutions of various strengths, in the 
course of cooling. 

With a 10 per cent, solution the separation of pure ice, 
free from salt, occurs at — 8° C. ; the fluid residual mother 
liquor contains 23-5 per cent, of sodium chloride, and sets in 
its entirety at — 22° C. 

From a solution containing 25 per cent, of sodium 
chloride the solid salt is deposited at — 1 2° C, whilst the 
still fluid mother liquor, which also contains 23'5 per cent 
of NaOl, solidifies at — 22° C. as before. 

Finally, a solution of 23'5 per cent, of sodium chloride 
solidifies suddenly and entirely, without any previous separa- 
tion of ice or salt, also at — 22° C. 

A closer examination of these conditions, however, leads 
to further observations. 

The melting point of pure ice, or the freezing point of 
pure water, is 0° C. If the water contains common salt in 
solution, the separation of ice, ir. tlie freezing of the excess 
water, occurs at a temperature the further below 0° C. in pro- 
portion as the amount of salt is greater. We may therefore 
also regard the curve A B in Fig. 1 as the meltmg point 
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SOLUTIONS 9 

curve of water in the preeenee of common salt, and hence 
arrive at the concluaion that the solidification point of the 
solvent is lowered by the presence of a dissolved substance. 
With the exception of a special class of solutions, which 
we shall have to mention later, this is a rule of general 
application. 

On the other hand, we tind that the temperature at 
which the separation of solid salt occurs in concentrated 
solutions increases with the saline content, and approaches 
nearer and nearer — though this is not visible in Fig, 1 — 
the melting point of the salt, which point is attained when 
the solution contains per cent, of the water and 100 per 
cent, of common salt 

It is seen that concentrated and dilute solutions behave 
alike; during cooling the excess of solvents separates out in 
the solid form, the temperature of separation Ij'ing, in most 
eases, the further below the melting point of that constituent, 
the lai^er the proportion of the second constituent present. 
Does not this behaviour naturally lead to the assumption 
that dilute solutions represent merely a reverse condition 
to the case of concentrated solutions, and that, for example, 
a dilute aqueous solution ot common salt is to be regarded 
as a concentrated solution of water in common salt ? 

Certainly at first this assumption appears somewliat 
remarkable ; but we shall very soon see that it is eoiTect. 
A further conclusion, however, is that distinction between 
. solvents and dissolved sul^tances must be abandoned, and 
that we can only speak of a mutual solution on tlie part 
of two or more substances. 

If we again examine what goes on in the cooling of 
an aqueous solution of common salt, it is remarkable that 
in all cases, independently of the percentage composition of 
the solution, the final residual fiuid mother liquor has the 
same composition, and solidifies at the same temperature. 
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10 SIDEEOLOGY: THE SCIENCE OF IRON 

Kow, as constABt composition and constant melting point 

were formerly r^arded as characteristic of chemical com- 
pounds, these residual mother liquors were also regarded as 
such, and received the name of cryohydrates (hy Gouthrie), 
because aqueous solutions were mostly in question, and 
because these compounds seemed to be formed in the 
cold. 

However, it was only in the rarest cases that these cryo- 
hydrates appeared to have a constitution in accordance with 
stochiometric conditions, on which account doubt was soon raised 
as to whether they really were actually chemical compounds, 
and, as a matter of fact, strict proof was soon afforded that 
the cryohydrates are merely a mechanical, a (mostly foliated) 
juxtaposition of the constituents of the solution. Conse- 
quently the name also was changed by Gouthrie to " Eutectic " 
in 1884. An advisable distinction is drawn between euiectM 
soliitwns, in which the two constituents are present in a state 
of solution, and eutectic mixtures, wherein the constituents are 
separated by an interval of apace. 

Nevertheless the phenomena occurring durii^ the cooling 
of solutions are not in all cases so simple as with aqueous 
solutions of common salt, inasmuch as separation may occur 
not merely of one constituent of the solution, but some- 
times even of a combination of the two constituents of the 
solution. 

Thus, in the case of a solution of Glauber salt 
saturated at 33" C, a separation of the anhydrous salt 
(NajSOi) occurs at this temperature, whereas at a lower 
temperature the compound NajSO, + 1 OHjO crystalliseB 
out. 

A solution of manganese sidphate gives — 

At 100° C, crystals of MnSO, + 3HeO ; between this and 
20° C, crystals of MnSOi + 6HjO; below 6° C, crystals of 
MnSO^+THjO. 
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Special interest attaches to the researches of Boozeboom ^ 
on the hydrates of ferric chloride, which we will therefore 
proceed to describe in detail. 

Fig. 2 of Plate I. gives the precipitation curves of aqueous 
solutions of ferric chloride, in a similar manner as Fig. 1 does 
for aqueous solutions of common salt, except that the amount 
of ferric chloride present in the solution is not expressed in per- 
centages, but in molecules of Fe^Clg per 100 mol. of water. 
The curve A B corresponds to the separation of ice from the 
" dilute " solution ; K L corresponds to the separation of an- 
hydrous ferric chloride from the concentrated solution ; whilst 
the other curves represent the separation of hydrates contain- 
ing a lai^er quantity of water in proportion as the amount of 
the salt decreases. 

Therefore, in accordance with the degree of concentration, 
there are separated from the aqueous solution of ferric 
chloride six different compounds, as follows, in regular order : — 

Fe^Clfl; Fe^Cle-l-iH^O; FesCle+5HjO; FejClfl-l- 7H,0 ; 
reaCla+12HjO; and H^O. 

This case follows the general rule (except with the com- 
pound Fe^Clj + "ZHjO) that the composition of the separated 
compounds is the more complex, and their molecular weight 
therefore heavier, the lower the separation temperature. . 

The portions of the curve marked DN, DO, FM, FP, HR 
correspond to labile conditions ; at the point of intersection 
E, equilibrium exists between ice and the hydrate containing 
the lai^est proportion of water ; at D F H, between the ad- 
jacent hydrates ; and, finally, at K, between the hydrate 
poorest in water and the anhydrous salt. In all these cases 
the composition of the solution is intermediate between that 
of the t*o solid bodies, since the one branch of the curve of 
solution collides with the neighbouring branch of the next 
lowest hydrate. The points indicated are at— 55°, 2t'-4, 30°, 
' ZeUs. far pkys. Chentie, x. i>, 477. 
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12 SIDEROLOGY: THE SCIENCE OF IKON 

55°, 66°, which are also the temperatures at which the solu- 
tions solidify to eutectic mixtures of the two hydrates. 

In order to gain a proper idea of the prevailing conditions, 
let it be imagined the concentration and temperature of a 
ferric chloride solution he represented hy a ' point situated 
above the part bounded by the portion of the curve A B C D 
EFGHIKL; in coolmg, the solution will then first tra- 
verse a vertical line of constant composition, and will inter- 
sect one portion of the curve, say F G H, on reaching a given 
temperature. Supersaturation being precluded, there immedi- 
ately ensues separation of the solid substance corresponding 
to this portion of the curve, e.g. FeaClg-l- 5HjO. As cooling 
proceeds further the liquid portion of the solution will traverse 
the curve towards lower temperatures, until it reaches the 
end point at which a second solid body is separated, and com- 
plete solidification occurs. If the solution correspond exactly 
to the composition of a hydrate, it will become entirely solid 
at the melting point of this latter ; or if the composition 
correspond to the intersection of the curves of two adjacent 
hydrates, the solidification will take place at the temperature 
corresponding thereto. 

A remarkable peculiarity will be noticed in the evapora- 
■ tion of ferric chloride solutions, more particularly between 
30° and 32° C, namely, that a dilute solution will, in course 
of evaporation, first dry to FejCl^ + 1 2HaO, then re-liquefy, 
afterwards dry again to Fe^Clg -|- 7HjO, then liquefy once 
again to dry a third time as Fe^CIg-l- oHjO, the entire series 
of these phenomena corresponding to stable conditions. 

As follows from the branch curves BCD, DEF, etc., there 
ai-e, between certain intervals of temperature, two saturated 
solutions of different composition, in efjuilibrium with the 
solid hydrate, the one containing always more, the other less, 
water than the solid hydrate. Both are, however, thoroughly 
stable, and in no way supersaturated, this latter condition 
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first occurring in a solution belonging to a point situated 
below tbe portion of the curve ABCDEFGHIKL; and 
by the introduction of a fragment of the corresponding solid 
hydrate the supersaturation is removed, whereby, according 
to circumstances, the content of ferric chloride is diminished 
or increased, according as a saturated solution of the first or 
second category is formed. 
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CHAPTER II 

MOLTEN ALLOYS: VAKIETIES OF SOLUTIONS 

Tbk idea of regarding molten alloys aa solutions is one that 
readily si^gests itself, and, as a matter of fact, the two be- 
have in a very similar manner in cooling. Thus, if we take 
the silver-copper alloys as an example, these bodies give the 
separation curves shown in Fig. 3 of Plate I, the similarity 
between which and those of the aqueous solutions of common 
salt is unmistakable. In these — 

a is the fusing point of pure silver (960° C.) ; 

a 6 is the separation point of pure silver from alloys rich 
in silver ; 

6 e is the separation temperature of pure copper from 
alloys rich in copper ; 

c is the fusing point of pure copper (1090° C); 

dbe is the solidification of the eutectic alloy of silver and 
copper (Ag. 72 per cent., Cu. 28 per cent.) at 775° C. 

The method of determining the curves of solubility and 
fusing point of an alloy can be gathered from the following 
simple observation :■ — • 

If a substance be heated to any convenient high tempera- 
ture and then allowed to cool slowly, the rate of cooling is 
the more rapid at first, but continually diminishes as the 
temperature falls and time goes on. The progress of the 
cooling can be represented in a graphical manner by selecting 
the temperature and time as co-ordinates, and in this way 
curves ot cooling are obtained. If the substance under in- 
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MOLTEN ALLOYS: VARIETIES OF SOLUTIONS 15 

vestigfttion does not imdei^o any change of condition, accom- 
panied by an evolution or absorption of heat during the 
cooling procesB, then the curve of coohng will be continuous, 
and of the type represented in Fig. 4 of Plate I. (a b). 

If, however, a physical or chemical change, accompanied 
by the evolution of heat, is sustained by the body during 
coohng, then the curve will exhibit interruptions, which — 
according to the dimensions and rapidity of the liberation of 
heat in question — will appear, either as a sudden rise (Fig. 5, 
Plate I.) or as a proloi^ed constancy (Fig. 6, Plate I.) of 
temperature, or finally, as merely a local retardation of the 
decrease of temperature (Fig, 7, Plate I.). 

The points at which these interruptions occur are known 
as " critical points," and the corresponding temperatures are 
termed " critical temperatures," or, when the interruption 
extends over a large interval of temperature, " critical tem- 
perature zones." 

Now all bodies at all capable of existing in a liquid and 
a sohd state of aggregation, possess a certain latent heat of 
fusion, i.e. they remain solid when heated just to fusir^ point, 
and, when heated further, gradually liquefy, the temperature, 
however, remaining constant until complete liquefaction has 
ensued, and only continuing to rise when the application of 
heat is maintained thereafter. 

If now, on the other hand, a body be heated above its 
fusing point — take silver, for example — and then slowly 
cooled, the temperature will fall in a regular manner until 
the solidification point is reached (in this .case 960° C). At 
this point, however, it remains constant until the entire mass 
of the silver has become solid, and only then does it resume 
its downward course. 

When, instead of a homogeneous body, we have to deal, 
for example, with an alloy of silver and copper, then the 
metal which is in excess solidifies first, and therefore gives a 
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critical point, whereas the remainder of the mass BtiUremaine 
liquid. Coolii^ therefore continues until the rest — in this 
case a mixture of the two metals, a eulectic ai%— solidifies 
suddenly and all at nuce, tJius furnishing the second critical 
point. 

The critical points of a series of alloys of the same metals 
having heen determined in this manner, all that is necessary 
to ohtain the corresponding curves of solution is to arrange 
these points in a network of co-ordinates in accordance with 
the chemical composition of the alloys. 

Numerous researches of this kind have demonstrated that 
these curves of solution exhibit divei^ent characteristics of 
form, according to the mutual behaviour of the components 
of the solution ; and for this reason solutions have been 
classified into a number of groups, as follows : — 

1. Solutions the compounds of which do not form either 
chemical compounds or isomorphou& mixtures with each other. 

The solution curves of this group have the typical form 
represented in Fig. 8 (Plate I.), a being the fusing point of 
the constituent B ; c, that of the constituent A; ah, corre- 
sponding to the separation of B ; ft c, to that of A in the solid 
form ; and finally, d e, the solidification of the eutectic mixture. 
Such solutions therefore exhibit three different solution curves, 
which mutually intersect at a pomt corresponding to the 
composition of the eutectic solution. 

2. Solutions the constituents of which form together an 
isomorphous mixture, but not a chemical compound. 

As can be seen from Fig. 9 (Plate I.), solutions of this 
class exhibit only a single curve of solution, invariably con- 
necting the fusing points of the two components. Here a is 
the fusing point of B, h that of A, and ah represents the 
sudden and simultaneous solidification of both constituents 
of the solution. 

This peculiar behaviour may be readily explained by the 



.coy Google 



D,g,l,i.aD, Google 




.CD, Google 



MOLTEN ALLOYS: VARIETIES OF SOLUTIONS 17 

assTiinption that each member of a series of such solutioiiB ia 
eutectic ; each such eutectic solution has therefore a different 
composition, and also a different fusing point. 

The two foregoing groups form the main types, by the 
combination of which a series of sub-types can be obtained. 
Such are the following : — 

3. SolutioTis the components of which form chemical com- 
binaiions, hut do not form, either together or with these 
comiinattona, any isomorphous mixtiiTe. 

A representation of these conditions is given in Fig. 10 
of Plate I. Here a is the fusing point of the component B, 
e that of A ; c, however, being the fusing point of the com- 
pound A< By, a h corresponds to the separation of B, & c and 
c d that of the compound A, Bj,, and d e that of A, in the 
solid state. Finally, fg, h i correspond to the solidification 
of the eutectic solution of B and A, B,,, or A and A^ Bj- 

As the figure shows, this curve corresponds to the arrange- 
ment of two curves of the first type. 

4. Solutions the components of which form chemical com- 
pounds furnishing an isomorphoua mixture with one of the 
components (Fig. 11, Plate I.). 

Here a, d, and c are the fusing points of the components 
B, A, and the compound A, Bj, ; ab represents the solidifica- 
tion of the excess of B ; be that of the compound A^ Bj, ; cd 
that of the isomorphoua mixture of A and A^ Bj, ; and finally, 
ef the solidification of the eutectic mixture of B and A, Bj,, 
The curve is therefore a combination of the types 1 and 2. 

5. Solutions the components of which form no chemical 
compounds together, but ftirni^ isomorphous mixtures within 
certain percentage limits. 

Two instances of this type are illustrated by Figs. 1 2 and 
13 (Plate I.). Id Fig. 12, a and c represent the fusing points 
of the two constituents. The excess of B solidifies at a &, a 
eutectic mixture of constant composition solidifies at d b, and 
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the isomorphoTiB mixture — i£. a euteetic mixture of variable 
composition — eolidifies at be. In Fig. 13, i and d are the 
fusing points of the components ; the excess of B and A separ- 
ates at ab and c d respectively, in the solid state ; the solidifica- 
tion of two different, but constant, euteetic solutions occurs 
at e 5 and fg, and the isomorphous mixture sohdiSes at b c. 

In many instances practical conclusions of industrial value 
have been drawn from the fosing-point curves, theory after- 
wards affording an explanation of the phenomena already 
known and utilised. As an instance of this may be cited 
the important operation of desilvering lead with zinc, a pro- 
cess that would, however, take too long to fully describe 
here.^ 

' Bodliinder, Berg' u. HtiUenm. Zlg., 1897, p. 831. 
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CHAPTER III 

OSMOTIC PRESSURE 

When a concentrated aqneous solution is covered with a layer 
of water, as it may be by the exercise of a little care, the two 
liquids will be superposed and separated by a reflecting sur- 
face. If, however, the whole be left to itself for a while, the 
conditions will be found to have sustained alteration, the 
dissolved substance commencing to raise itself against the 
influence of gravitation and to distribute in the supernatant 
water ; and this movement does not cease until the substance 
bae become uniformly distributed throughout the entire 
amount of water. 

This phenomenon can be readily observed by employ- 
ing a strongly coloured solution for the experiment. At 
the outset the water immediately above the plane of 
separation of the two liquids begins to be coloured ; the 
coloration then extends further and further upwards, at 
the same time becoming progressively deeper near the 
plane of separation, which latter also recedes to a lower 
level 

The experiment may be somewhat, modified by arranging 
a so-called semi-permeabie wall— which allows the passage 
of water, but not of the dissolved substance — between the 
two liquids. A wall of this kind may be obtained, for 
example, by impregnating a porous earthenware cell with 
a solution of copper sulphate, then carefully rinsing it and 
filling it with a solution of potassium ferrocyanide. In 
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this manner a coherent precipitate of copper ferrocyanide 
is deposited on and in the pores of the earthenware, which 
deposit hae the property of permittii^ the transpiration of 
water, but not of any sugar (for example) that is dissolved 
therein. A similar effect is produced by a number of other 
amorphous deposits, such a^ ferric oxide, gelatin tannate, 
silica, etc 

If a solution of sugar be placed in a cell prepared 
in the above manner, the latter then closed with a 
cork and immersed in a vessel of water, the pressure 
obtaining in the cell can be determined by the aid of a 
manometer passed through the cork, and this pressure will 
be found to attain a certain maximiun height, which 
depends on the concentration of the sugar solution, and on 
the temperature. 

These phenomena can be rendered visible in the following 
manner: — The cyUndrical vessel, abed (Fig. 14, Plate I.), 
contains a solution of sugar, over which ia placed a movable 
plunger, ef, which is made of semi-porous material, and 
attached to a stem, gh, the plunger being surmounted by 
pure water. The sugar, which endeavours to expand, but is 
prevented by the plunger ef, exerts pressure on the under 
surface of the latter, and moves it, so that water traverses 
it from above, and enters the st^ar solution, which is thereby 
diluted. If now the stem of the plunger be subjected to a 
downward pressure equal to the upward pressure exerted by 
the sugar, the plunger will retain its position unaltered, and 
the concentration of the sugar solution will remain unchained ; 
on the otlier hand, if the pressure on the plunger stem exceed 
the upward pressure, the plunger wUl descend, water will 
transfuse from below, and the strength of the sugar solution 
will increase. 

This pressure, exerted by a dissolved substance in its 
solution, is termed its " osmotic pressure." 
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PEeffer, who made a thorough study of theae conditione, 
found (in 1877) that — 

1. The osmotic pressure of a solution is proportional to 
its concentration. Thus, for sugar solutions he found — 



Concentration. 


Pressure. 


Ratio. 


1 per cent. 


53 '5 cm. 


53-5 


2 „ 


1016 „ 


50-8 


2-74 „ 


151-8 „ 


55-4 


i 


208'2 „ 


52-1 


6 


307-5 „ 


51-3 



2. That in the case of all dissolved substances the 
osmotic pressure increases in proportion to the temperature. 





Pressure. 


At 


At 


Obaerved. 


C»1cul»t«i 




. 64-i 


32' 


ir-i5 


61-0 


51-2 


„ 


. 56-7 


86° 


is'-s 


52-1 


52-8 


Sodium tartrate. 


. 158 ■* 


88° -8 


18°-3 


143-2 


lM-3 




B8-a 


73° 


13° -3 


BO'S 


SO -7 



(This calculation is based on the supposition that the co- 
efficient 0-00367, applicable to the case of gasea, is also 
correct here.) 

These two laws, which have been demonstrated accurate 
by niunerous experiments, prove that osmotic pressure follows 
Boyle's law as well as that of Gay-I>ufl8ac, and can therefore 
be expressed by the well-known equation for gases— 

pv = 'R.T, 
so that there remains for determination only the value of the 
constant R, which, as is well known, is uniform for molecular 
mixtures of different gases. 

If we take the molecular weight (in grams) as the unit, 
we have, for example, in the case of oxygen — 

Pressure of one atmosphere : p = 1033 grma. ; 

Volume of the gram-molecule of oxygen (32 grms.) at 
0° C. and 760 mm. pressure : v = 22,380 c.c ; . 
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Absolute temperature : T = 273 ; 

and therefore — 

p.v 
E=^^ =84700. 

In the case of a 1 per cent, solution of sugar, Pfeffer 
determined the osmotic pressure at 0° C. as 49'3 cm. of 
mercury, i.e. 49'3 X 13'59 = 671 grms. per sq. cm. If, in 
the equation 

^ i> = R T, 
we substitute the experimentally determined value (for gases) 
R= 84700, then we obtain for the 1 per cent, sugar solution — 
R.T 84700x273 

"= ft,,-, = 34460 e.c. 

p 671 

Consequently a 100 per cent, solution of sugar would 
occupy only the one-hundredth part of this space, i.e. 
344'6 cc, a figui-e corresponding with the molecular we^ht 
of si^r (CiaHjjOii = 342). 

Therefore the osmotic pressure of a dissolved substance is 
the same as the pressure that would be exerted by the same 
substance if it were occupying in the gaseous state the same 
space as occupied by the solution, and at the same temperature. 

Hence, as J. H. van't Hoff has shown, the gas equation 
^ « = R T is equally applicable to solutions. 

Moreover, it has been shown that Avc^adro'a law : that at 
equal temperature and equal pressure equal volumes of 
different bodies contain an equal number of molecules, applies 
both bo bodies in the gaseous form and also in a state of 
solution. 

A perfect analc^, therefore, exists between gases and 
solutions, and we may consequently lay down for the latter 
the following general definition : — 

Solutions are molecular mixtures of several substances, 
the constituents of which mixtures exhibit the peculiarity of 
foUowii^ the laws relating to gases. 
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This definition, however, is not only applicable to all 
1 fluid mixtures, but also, as numerous experiments 
have demonstrated, to several solid mixtures, and consequently 
there must be both solid, liquid, and gaseous solutions, 

Xow it is well known that the laws of Boyle, Avogadro, 
and Gay-Lu9sac apply in merely an approximate manner to 
gases, inasmuch as the latter exhibit deviations from these 
laws, and the more so in proportion as the liquefaction tem- 
perature of the gases is approached. This is due to the 
circumstance that, in considering changes of volume on the 
part of gases, only the intramolecular spaces between the 
molecules of gas, and not the entire volume occupied, have 
to be home in mind on the one hand, whilst on the other 
a certain mutual action — attraction — goes on between the 
individual molecules, even in the case of gases ; this action 
is the cause of cohesion in liquid and solid bodies, in which 
cases it is apparent in a much higlier degree. 
' Now, whereas the combined laws of Boyle and Gay- 
Lussac can be expressed by the equation p.v = R'I 

(R being equal to ^^), Van der Waal (1879), bearing 

in mind the above-mentioned circumstance, laid down the 
equation — 



(-x^) 



(j.-&) = KT 



to express the relation between the pressure, volume, and 
temperature of gases, and it has been proved that this equa- 
tion applies to peroianent gases as well as to vapours and 
liquids. 

Hence, at the first glance, it must appear surprising that 
osmotic pressure should follow, not the Van der Waal law, 
but the Boyle-Gay-Lussac law. Nevertheless it will be 
evident, on closer consideration, that the case could not he 
otherwise. The methods hitherto employed for determining 
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the osmotie pressure invariably give the oamotic energy P, 
i.e. the enei^ required to effect the removal of unit volume 
of the pure solvent from solution, and thia value, when 
multiplied by the unit volume, has proved equal to the gas 
pressure. If, however, we assume that the preaaure of the 
dissolved substance is increased in the proportion 1 : (1—6), 
in consequence of the correction of volume, b expreaaing the 
fractional part of unit volume by which the space available 
for the movement of the molecule ia diminished, it will then 

P 
amount to 7' _i ', the osmotic energy to be developed during 

the removal of unit volume of solvent then being — 
P 
Pressure x volume = .. _, (1 — J) = P, 

since the volume over which the preaaure has to be resisted 
is for the same reason diminished in the proportion (1 — &) : 1. 
Consequently the correction for volume ia entirely dispensed 
with in these methods of determination. 

We shall see later on that osmotic pressure follows the 
Boyle-Mariotte law, even in the caae of high concentrations. 
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CHAPTER IV 

RELATION BETWEEN OSMOTIC PRESSURE AND OTHER 
PROPERTIES OF SOLUTIONS 

As a general rule, the properties of any body are modified by 
the presence of a second body in solatioii therein- The pro- 
perties of special interest to us in this connection are : the 
vapour tension, boiling point, and solidification point of the 
solvent. 

To take the vapour tension first, a distinction must be 
drawn between cases wherein only one constituent of the 
solution ie volatile, and where both constituents vaporise 
together. 

In the latter, and more general eventuality, the vapour 
tension of the liquid mixture is equal to the sum of the 
partial tensions of the individual constituents, whereas in the 
former case the vapour tension is identical with the partial 
tension of the solvent. 

Since the first and special ease is the one of greatest 
interest for us, we will more closely consider this one first. 

1. Let us imagine the case of a solution containing only 
a single volatile constituent, as being contained in the vessel 
L (Fig. 15, Plate I.). Let this vessel be closed at A A by a 
semi -permeable wall, which only allows the volatile con- 
stituent of the solution {e.g. water) to pass through ; and be 
also fitted with an ascending tube, H. Moreover, let this 
vessel be immersed, as regards its lower portion, in the pure 
volatile solvent (in this case water), the whole being closed in 
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an air-tight manner, and maintained at a temperature, T. 

Under these conditions water will continne to force its way 
through A A towards L, and raise the height of the column of 
liquid in the ascending tube until eijuilibrium is established, 
i.e. until the vapour tension p of the water is equal to the 
vapour tension of the solution ^»„ increased by the pressure of 
a column of vapour of the height H, acting on W. If this 
were not the case, then either an evaporation of water must 
occur in W, to be condensed in H and return to W through 
L and A, or vice veTsd, which implies that any amount of 
external work could be done at the mere coat of the heat 
present in the environment, a circumstance contrary to the 
second principal axiom of the mechanical theory of heat. 

To calculate the pressure of this column of vapour we 
revert to the expression of the Boyle-Gay-Lusaae law — 

and refer this expression to a gram-molecule of the gas {i.e. 
the molecular we^ht of the gas in grams), whence, according 
to E^nault'3 measurements of the density of the permanent 
gases, that one gram-molecule of this gas, enclosed at a tem- 
perature of 0° C, in the space of one litre, exerts a pressure 
p^= 22-35 atmospheres. Hence we obtain — 

22-35 0-0819 T 
pv = -2f^ .T= 0-0819 T; therefore v = 

whence results, for the specific gravity of the vapour at the 
temperature T, the volume v, and the pressure p, referred to 
water as unity, i.e. the weight of a cubic centimetre of the 
vapour in grams — 

M M . ;» M.p 

idW'v " 0'0819T.100'0 " S'l -9 T ' 
If, as will be assumed for the sake of simplicity, we have 
to do with dilute solutions, we may state p =pi, and ignore the 
variation in the density of the vapour at different altitudes. 
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MoreoTer, if we remember that 1 atmosphere is equal to 
the pressure of 760 mm. of mercury, and term the specific 
gravity of mercury <r, we then liave for the hydrostatic pres- 
sure of the column of vapour of the height H — 

H M .y 

P -P' = 0-OS19T.1000.76.^ ^*''""'- 
If, furthermore, we express the specific gravity of the 
solution — which in case of dilute solutions will differ but 
little from the specific gravity of the solvent — by S, then we 
obtain the osmotic pressure of the solution — 

^"7"6T^ 
and 

s 

By substituting this expression in the ahove equation, we 
have — 

F.M.y, 
f-f'^ 1000 S. 00819 T 
and for the osmotic pressure we therefore have the expression 
„ p-p, 0-0819 T. 1000 S 



R M 

This equation, however, applies only to very dilute solu- 
tions, and a more accurate expression is obtained in the 
following manner: — If, by a suitable exertion of power, we 
move the semi-permeable plui^r, in Fig. 14, Plate I., down- 
wards to an extent equal to the volume dv, we shall press 
out from the solution d x gram-molecules of the solvent, and 
thus have done an amount of work equal to i^ .dv. 

Had the same quantity of the solvent been withdrawn 
from the solution by (isothermal) distillation, the amount of 
enei^ consumed would have been — 
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which evidently must be quite as great ae in the former case. 
Hence we ahoiild have — 

P.dv = dx.RT.l -- 

Pi 

dv pi 

If no alteration in volume or expansion occur on the 
mixii^ of the solvent and dissolved body — which is approxi- 
mately the case, even with 30 per cent, solutions — then the 
volume of the liquid will, hy the addition of dx gram- 
molecules of the solvent, be increased by — 

M 

dv = -^ d X. 

We can therefore substitute in the above equation — 
dx_ S 

Tv~1a 

and thus obtain P = — E T I ~ 

M' ■ >i- 

By substituting E = 0'0819, and expressing the volume of 

a gram-molecule in litres, we finally arrive at the expression — 

0'0819T.1000S, f 

P = ■ ■;■ 1 . ■ atmoB. 

M y, 

2. As we have seen, the vapour tension of a solvent is 
lowered by the presence of the dissolved substance, ie. the 
pressure being equal, the boiling point is raised. 

In order to determine the connection between the increase 
of boihng point (when small) and the osmotic pressure, use 
may be made of the formula of Clausius — 
dip X 
dY^KT^ 
wherein \ = the molecular heat of vaporisation, the integration 
of which formula furnishes the expression — 



ET 



-I- const. 
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The equation Ip^ = — p-=- + const, applies to the boiling 
point To of the piire aolvent, and therefore — 

y, p. E LT, TJ 
By subetitution in the previoue equation — 
0819 T. 1000 S y 
~ M ft 

0-0819T.1000S 



we have P = - 



ii 



M 0-0819 LT, TJ 

I£ we express herein the latent heat of vaporisation of 

1 grm. of the solvent by / = vT" and substitute ( = T — T„ we 

T.lOOOS.i.f lOOOS.i.J 
'"^ ''-"~' 24-17T.T - 24-17T. '"'°'°'- 

wherein 24-17 represents the equivalent of a litre-atmos- 
phere in gram-calories. 

3, It is a well-known fact that substances vaporise from 
the solid state as well as when in the liquid condition. The 
freezing point of a liquid is, however, the temperature at 
which the two conditions — solid and liquid — of the same 
body can exist at the same time, and, as a simple observation 
will show, the vapour tension of the liquid body at the freez- 
ing point must be just as great as that of the solid substance, 
since otherwise one of the two conditions of a^regation would 
vaporise more rapidly than the other, in which event the equi- 
librium between the solid and the hquid condition would suffer 
disturbance, i.e. the two forms could not exist side by side. 

As now the vapour tension of the liquid solvent is de- 
pressed by the addition of a foreign body, that of the sohd 
solvent must also suffer reduction at the freezing point, or, in 
other words, the freezing point of a solution must be lower 
than that of the pure solvent. 
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With reference to the molecular heat of vaporisation, we 
have already made acquaintance with the Claueiua equation 

X — E T ^ ~7t"' Similarly, for the molecular heat of sublima- 

dlp, 
tion of the solid body, we have o- = E T* -rsr, wherem p 

implies the vapour tension of the liquid solvent, and pi that 
of the solid solvent, both at the freezing point. From this 
we obtain by integration — 



ip=- 



ET 



and 



Now, as we have already seen that p=Pi=Po at the 
freezing point, we may write — 







ift=- 


ET+«' 








'P,= - 






Hence it follows that — 








Ip,- 


'^• = 'f = 


ui [t 


1 




Ip- 


'--'fr 


KT [T 


1 
T. 


and, 


by subtracting one equatif 


m from another, ' 






1-"'='-^ 


R-i-1 





i obtain— 



KT LT 

If we express the molecular heat of fusion of the solvent by 
?c = <r — X, and the heat of fusion in gi^m-calories, then (in 
analogy with the boiling-point equation) we obtain — 
1000 S.«' t 

wherein t indicates the lowering of the freezing point. 
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According to the foregoing, the presence of a second 
constituent of a solution raises the boihng point of the first 
constituent, but lowers the sohdification point. In the second 
chapter, however, we made the acquaintance of solutions, 
wherein, on the contrary, the solidification point of the one 
constituent of a solution is raised by the presence of a second : 
of this class are the solutions of such bodies, which together 
furnish a homogeneous mixture. 

In order to understand this behaviour we will investigate 
the vapour tension of solutions consisting of two volatile 
components, and in observing these phenomena will follow 
the clear description given by W, Nemst, 

When to a liquid. A, a small quantity of a second, B, is 
added, the result is, on the one hand, to diminish the vapour 
tension of A, whilst on the other hand the total vapour 
pressure of the resulting solution is increased by the circum- 
stance that the dissolved quantity of B also evolves vapour ; 
in fact, the partial pressure of B in the vapour in a state of 
equilibrium with the resulting solution is the greater in pro- 
portion as the coefficient of solubihty of the vapour of B is 
smaller as regards the liquid A. The same naturally applies 
to solutions formed of small additions of A to B, which also 
may, according to circumstances, have a larger or smaller 
vapour pressure than the liquid B by itself. As now the 
properties of the mixture must vary in accordance with its 
composition, a distinction will have to be drawn between the 
three following typical cases as regards the dependence of the 
vapour tension on the mutual ratio of the two liquids : — 

" I. The vapour of A is readily soluble in B, and the 
vapour of B in A. Then, whether the addition consist of a 
small quantity of A to B, or of B to A, the vapour tension of 
the resulting solution will decrease. Starting with the solvent 
A, the vapour pressure of which we will assume to be p^, at 
the prevailing temperature, and adding thereto successively 
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increasing quantities of B, the vapour preesute will decrease 
at first, until a minimum is attained, whereupon it reascends, 
and finally, in the presence of very high proportions of B, 
approximates to the vapour pressure of the pure solvent, 
namely, p^. 

" II. The vapour of A is but sWghtly soluble in B, and 
that of B in A. In this event the addition of a small 
quantity of A to E, or of E to A, will increase the vapour 
tension of the resultii^ solution. Consequently, given buc- 
ceeeive additions of B to A, the vapour pressure of the 
solution will at first be greater than p^, thereafter attaining a 
maximum, and finally, as there occurs a large excess of B, will 
recede again and approximate to the value p^. 

" III. The vapour of the one liquid is readily soluble in 
the other, whereas that of the second is only soluble with 
difficulty in the first. Under these circumstances a sUght 
addition of B to A will make the vapour tension of the 
resulting solution smaller than that of the solvent, but a small 
addition of A to B will raise the vapour tension in comparison 
with that of the solvent. If now the vapour pressure of A 
(pi) be greater than the vapour pressure, p^, of E, then the 
result of successive additions of B to A will be to cause the 
vapour tension of the solution to continuously recede from pj^ 
to p^, without attaining any maximum or minimum (Ilia). 
It is, however, imaginable that, conversely, the initial addition 
of B to A would increase the vapour tension, whilst the 
addition of A to B would diminish it ; in such event, the 
result of successive additions of B to A would at first be to 
cause the vapour tension of the mixture to increase, attain 
a maximum, then decline until of lower value than p^, traverse 
a minimum, and finally, in presence of a lai^e excess of B, 
approximate to the value p^ (IIIJ)," 

The comprehension of this phenomenon will be facilitated 
hy a glance at the curve plotted in Fig. 16 (Plate I.). The 



.coy Google 



RELATION BETWEEN OSMOTIC PRESSURE, ETC. 33 

absciesffi represent the proportione of the mixture (percentage 
of B), the ordinates indicating their vapour tension. For the 
case No. I., the example eelected ia a mixture of formic acid 
and water ; for No, II., water and propyl alcohol ; for No. Ilia, 
ethyl- or methyl alcohol and water. On the other hand, the 
dotted curve representing the case No. Hit has not yet been 



The caae No. Illa applies to solutions the components of 
which form homogeneous mixtures. 

Strictly speaking, all that has been stated above with 
regai-d to osmotic pressure and its relation to the other 
properties of solutions, applies only to dilute solutions, though 
the laws in question also apply, in an approximate degree, to 
higher concentrations as welL 

Dieterici (Wud. Ann., 1894, 62, p. 263), as also Th. 
Evans (ZeUs. /. phys. Chem., 1894, 14, p, 409), have ^own 
that, even with higher concentrations, the dimensions of the 
osmotic pressure remain proportional to the quantity of sub- 
stance dissolved. For the relation between the osmotic enei^y 
and the vapour tension, and the lowering of the solidiiication 
point, the fonner gives the expressions — - 

n = R.T. Int 



^^-'LTo -2 T^ 3- T'^J 

or the osmotic energy reduced to the freezing point of the 
solvent, taken alone — 

rp-g_ c,-c, -, t c,-c, ^-1 

In these equations — 

n equals the osmotic eneigy, 
E, the gas constants, 
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f, the vapour teneiou of the pure solvent, 

fy the vapour tension of the solutioD, 

t, the reduction of the 8olidi6cation point, 

p = fffl — \) + (Cj — C'g) Tj, the molecular heat of fusion 

at the temperature T, 
a^, the latent heat of sublimation of a molecule at the 

fusing temperature, 
X^, the latent heat of vaporisation of a molecule at the 

fusing temperature, 
Tq, the melting point of the pure solvent, 
Ci, the molecular heat of the liquid solvent, 
C^, the molecular heat of the solid solvent, 
q, the heat of dUution. 
The values for osmotic energy, calculated from the fore- 
going equations, are, as the following figures will show in the 
case of solutions of potassium chloride, actually proportional 
to the concentration : — 











n„ 


T~ni 


i 


q 


P> 


















Cu. i. 


C^E. 











4-620 








1-667 


- 1-63 


4-M6 


8-80 






8-284 


- 5-86 


4-«2 


17-6B 




li-00 


6-53 


-19 6 


4-326 


35-18 


85-71 


22-85 


8-69 


-Si -3 


*-190 


62-64 


63-12 



I'' Percentage of ECl in the solution. 

The first value for Tl^ is calculated from the vapour 
tension, the second from the depression of the solidification 
point. 

C. T. Heycock and F. H. Neville {Tram. Chem. Soc., 1890, 
vol. 57, pp. 376-393) have proposed another and simpler 
method for arriving at equations which shall also apply to 
concentrated solutions. 

On the basis of Lagrange's equation of movement, Professor 
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J. J, Thomson {Application of Dynamics to Chemistry and 
Physics, p. 263) has deduced the equation — 

■=■ = !",; 

for the molecular depression of the solidification point, in 
which equation p represents the osmotic pressure and s the 
density of the solvent ; this equation is identical with the 



If, in order to render the above formula clearer, we take 
as example the case of an alloy of tin and gold, in which the 
former metal predominates, it will be found that, during the 
cooling of the alloy, pure tin in the solid form will be the first 
to separate out, and that the volume in which the gold is 
distributed ie therefore reduced. Consequently the enei^ 
p must be exerted in order to overcome the osmotic pressure. 
When the unit volume of tin solidifies out, the work p has to 
be performed to compress the gold. A source of this enei^y 
is to be found in the liquid, which may be regarded as a 
perfect caloric machine ; since, on the solidification of a unit 
volume of tin in the pure state at the temperature T, an 
amount of heat represented by s.w is disengaged. If, how- 
ever, the tin solidifies at T~-i, then, according to Camot's 

law, a portion of this heat (namely,— .w.s) is converted into 

work. 

If we pose this expression =p, we obtain — 



wherein ( indicates the reduction of temperature which must 
ensue before the necessary amount of euei^ can be exerted. 



.coy Google 



tin is equal to ^ ... = litres, and the solidifica- 



36 SIDEROLOGY : THE SCIENCE OF IRON 

In the case of a solution of 1 moL of a metal in 100 
atoms of tin, we have — 

Melting point of tin = 23l'''5 C. or 504°-5 absolute, 
w = 14-25 caL (Pereon) = 14-25 X 416 X 10" dynes, 
s =7-29, 

Sn =118 (atomic weight of tin). 
Hence the volume of a solution containing 100 atoms of 
lOOx 1 18 
1000. 

tion temperature can be approximately gauged at 500° 
absolute. In this way we ascertain the osmotic pressure, 
called into action by the presence of a molecule of an 
extraneous metal, to be — 

71x22-3 xSOOxs 

^= 11-8x273 =3-46n.s, 

n = 1013x10* dynes representing the atmosphere pressure. 
By substituting this value in the formula (= — ■, the 

molecular depression of the melting point works out as 
E = 3° C, (A more precise calculation gives p = 3°-5, and 
( = 4°14 C, whereas the van't Hoff equation gives — 

E = 00198— = 3-54 C.) 

The above-mentioned equation of J. J. Thomson can also 

be made applicable to more concentrated solutions, by bearing 

in mind that p does not vary as T but as T — (, and that the 

volume of the solution is greater than that of the original 

solvent. In this case we have — 

^ 0-0198 (T-()2 p ,^ , 
E= i ^=^^(T-0 

and 

M ( 

wherein s is the density of the molten solution, w the latent 
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heat of fusion of the solvent, M the molecular weight of the 
dissolved body, m the proportion of dissolved substance per 
100 parts of solvent, ( the depression of the melting point, 
and T the meltii^ point of the solvent in absolute tempera- 
ture. 
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CHAPTER V 

OSMOTIC PRESSURE AND MOLECULAR WEIGHT OF THE 
DISSOLVED SUBSTANCE 

In the third chapter we learned the axiom that the osmotic 
pressure of a dissolved body is juat as great as the preaaure 
■which would be exei-ted by the same subatance were it oecupy- 
ing, in a gaseoua atate, the same space as the solution, at the 
existing temperature. 

Now since, according to Avogadro's law, equal volumes 
of all gases at the same temperature and pressure contain an 
equal number of molecules, it follows therefore that under 
theae circumstances the' density of the gases must be pro- 
portional to their molecular weighta, and the same must also 
apply to solutions which at equal temperatures exhibit equal 
osmotic pressure, and are therefore ieosmotic. 

Hence the osmotic pressure affords a means of determin- 
ing the molecular dimensions of the dissolved substance, and 
is actually employed for this purpose, frequently with 



For instance, if a solution contain c grma. of the dis- 
solved body per litre, and exhibits the osmotic pressure p (in 
atmos.), its molecular weight will be — 

M = 22-41 (14-0-00367 " 

since the gram-molecule — or, as it is usually termed, the 
mol. — of a substance exerta a pressure of 22-41 atmos. when 
enclosed in one litre at 0° C. 
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Now, as it is but seldom that the osmotic pressure can be 
measured direct, the equations employed for the calculation 
of the molecular wei^t are referred, not to this, but to the 
depreesion of the vapour teneion, the elevation of the boiling 
point, or to the depression of the solidification point of the 
solution. 

This last-named method is the only one applicable in the 
case of alloys, and on this account will be the only one more 
closely described here. 

If we represent by E the molecular depression of the 
freezing point sustained by the solvent in question, i.e. the 
depression of freezing point sustained by a solvent in conse- 
quence of the dissolution therein of 1 mol. of a given 
substance per 100 grms. ; and if we take m to indicate the 
quantity of the said substance dissolved in 100 grms. of the 
said solvent, the depression of the freezing point being 
expressed by (, then the molecular weight of the first will be — 

M = E -. 

i 

By means, however, of the gas constants E and the 
temperature of fusion T^ expressed in absolute figures, the 
value of E and the heat of fusion w of the solvent can be 
calculated by the equation- — 

If we calculate w in calories, then E also must be 
expressed in the same way, and we obtain— 
001991. To* 

On the other hand, for concentrated solutions, use may be 

J . L ■ ,f 0-0198m(T-0^ 
made of the equation M = of Heyeoek and 

Neville. 

Now it has been shown that the molecular dimensions of 
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the diBBoIved substance depend on the nature ot the solvent 
and the concentration of the solution. Thus, for example, it 
ia found that the molecular weight of acetic acid when dis- 
solved in benzol (not too dilute) is 120 (corresponding to 
the formula (CHjCOOH)^), whilst when in solution in ether 
it is only 60 (corresponding bb the formula CH5COOH), and 
when dissolved in water is still smaller. In the latter condi- 
tion it must therefore be dissociated. Consequently the 
solvents can be arranged in order, according to their 
" power of dissociation." 

The greatest action in this particular is exerted by water, 
after which solvent can be arranged a series of others ex- 
hibiting this power in a minor d^ree. Alcohols, phenols, 
esters, ether, and acetone have only low powers of dissociation, 
and, when the concentration is not too great, the disBolved 
svibstaneeB exhibit normal molecular weights ; on the other 
band, anethol, azobenzol, paratoluidin, and still more, benzol, 
naphthalene, diphenyhnethane, diphenyl, carbon disulphide, 
chloroform, ethylene bromide, etc, show a more or less 
pronounced tendency to unite the dissolved substance to 
form higher molecular complexes — double molecules in 
particular. 

In a given solvent the tendency to dissociation increases 
with the d^ree of dilution, as will be evident from the 
following figures relatit^ to solutions of chloral hydrate in 
glacial acetic acid — 



0-266 


0'095 


0-52 


1179 


0-385 


0-38 


2-447 


0-755 


0-31 


4-900 


1-450 


0-25 



In this table m expresses the number of grams of chloral 
hydi-ate dissolved in 100 grams of glacial acetic acid ; ( is the 
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depression of the freezing point, and a the " degree of dis 
sociation," i.e. the proportion of dissociated molecules referred 
to 1 gram of chloral hydrate. 

The cause of this power of dissociation is atill unknown, 
but it woiald appear to increase with the dieleetrical constant. 
Perhaps the solvent exerts some chemical action on the dis- 
solved substance. 

Nernst (Theoreiische Chemie, second edition, p. 262) ex- 
presses himself on this point as follows : — " The solution of 
this question has engaged a good deal of attention, but so 
far without any successful result. It must be emphasised 
that if any combination does occur between the solvent and 
the dissolved substance present in a solution of low con- 
centration, it does not in any way alter the number of 
dissolved molecules, and therefore does not change the 
osmotic pressure of the latter ; therefore it cannot find 
expression in the values obtained in respect of the depression 
of the freezing point, etc." 

This view needs correcting in one particular, inasmuch 
as though the number of molecules of a substance dissolved 
in a given weight of a solvent does not undeigo any altera- 
tion in consequence of a chemical combination being formed 
between that substance and the solvent, nevertheless the 
relation between solvent and dissolved substance sustains 
an alteration which, under certain circumstances, justifies uh 
in concluding that such combination has occurred. This is 
decidedly the case when solutions of elements are in question, 
and when the molecular weight of the dissolved element, as 
deduced from the depression of the freezing point, comes 
out smaller than the atomic weight. If the particulars 
as to the melting point and latent heat of fusion are 
reliable, there is then no other course open than the fore- 
going assumption, unless we assume a subdivision of the 
atom. 
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Thus, for example, in the case of alloys of tin with lead 
and bismuth, we have — 





Faalng 
Point 


' 


. 


i 


8n 


pb 


m 


•c. 


100 
90 

eo 


it) 


10 


232-7 

210 

210 


227 
22-7 


li-ii 
nil 


180-485 
180-496 


0-874 
0'860 



Here n expresses the average number of atoms consti- 
tuting the molecule, whilBt the other letters refer to the same 
particulars as before. 

If we assume, in both cases, the combination of 1 atom 
of tin with 1 atom of lead or bismuth, then we should 



o,.w... 1 S.™ 


' 




M 




8n 


PbSn BiSn [ -C, 








100 
84-25 

81-28 


' ^. 

15-75 ... . 210 
15-72 1 210 


22-7 
22-7 


18-89 
18-66 


365-4 
803-0 


1-88 
1-86 



Ou the other hand, the assumption that 2 atoms of 
tin have combined with 1 atom of lead or bismuth, would 
give— 



C^po^tio. 


232-7 ■ 

210 

210 


■ 




„ 


■ 


Sn 


PbSo. 1 B,S„. 


.' 


100 
78-5 
78-66 


21-5 1 '.'.'. 


22-7 
227 


27-51 
27-29 


470-6 
478 -0 


3'2i 
3-18 
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that is to Bay, values that are c[uite possible from the stand- 
point of theoretical chemistry. 

If this behaviour should be confirmed by aubsequent 
investigation, a plausible explanation ot the dissociating power 
of certain solvents would be afTorded. 

In many cases it can be demonstrated chemically that, 
during the ccKiling of solutions, the solvent does not separate 
out in a pure state. In such eases the assumption that 
combination has occurred between solvent and dissolved 
substance would appear correct ; nevertheless, this behaviour 
can also be explained by the so-called " phenomena of ad- 
sorption." 

Thus, for instance, if powdered wood charcoal be shaken 
up along with a solution of iodine, a separation of iodine 
occurs on the surface of the charcoal, the amount of iodine 
" adsorbed " in this manner depending on its osmotic pressure 
in the solution. The assumption of the formation of a sohd 
solution is here out of the question, the equilibrium ot ad- 
sorption being estabUshed with a rapidity incompatible with 
the rate of diffusion in solid substances during the formation 
of such a solution. 

As is evident from the foregoing, the moleeidar weight 
of the dissolved substance can only be deduced with certainty 
from the depression of the solidification point, provided the 
other constituent of the solution separates out in a pure 
state. 

If this is not the case, we may frequently arrive at a 
correction of the value, or at a more accurate opinion as to 
the form in which the dissolved substance is present in the 
solution, by obtaining figures for the molecular weight that 
are impossible according to the formula. Nevertheless, such 
deductions must be confirmed by other invest^ations if they 
are to be accepted as certain. 

If the chemical composition of the separated constituent 
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be known, and is constAot in the case of dilute solutions, 
the calculation of the molecular weight may be performed 
by adding to the solvent the composition of the separated 
components, and deducing therefrom the value of m. Of 
coarse the corresponding values for the melting point and 
the latent heat of fusion must also be taken into account. 
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CHAPTER VI 

SOLUTIONS OF GASES 

All liquids, and some solid bodies, possess the property of 
dissolving gases. The quantity of gas that can be taken up 
by any liquid depends on the nature of the gas as well as 
on that of the liquid itself, and for aoy given gas and 
liquid is proportional to the gas pressure (Henry's law). If 
we call the amount of gas contained in unit volume of the 
gas itself, and in that of the liquid, its concentration (volu- 
metric), it may also be said that, for the gas and liquid in 
question, the concentration in gaa volume is also in the 
same proportion to that in liquid volume when the pressure 
chaises. This constant ratio of the concentrations is termed 
the coefRcient of solubility of the gas. 

The solubility of a gas in a liquid— consequently the value 
of its coefficient of solubility — generally diminishes with the 
temperature. 

Gaseous mixtures dissolve in liquids in such a manner as 
though each portion of the mixture were present alone under 
its partial pressure (Dalton's law). 

All these laws — ^just as the laws of gases — apply in a 
merely approximate manner, and the more completely in pro- 
portion as the solubility is lower and the pressure lesa 
However, in the case of gases which are exceedingly soluble 
— to an extent equal to several hundred times the volume 
of the liquid — the amount of absorbed gas usually increases 
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at a much slower rate than the presenre, a condition that, 
however, is mostly attributable to chemical reactions between 
the Bolvent and the gaa. Occasionally deviations from 
Henry's law, occurring at low temperatures, disappear when 
the temperature is raised. 

One noteworthy feature is that, when a solution has been 
saturated with gas at a given pressure, the evolution of gas 
does not b^n immediately on the pressure being lowered. 
Solutions of gases very readily remain supersaturated, and 
the removal of the excess of gas only begins when the liquid 
is brought into intimate contact with the same gas (or, better 
still, another gas) under reduced pressure. (Energetic imita- 
tion, introducing porous powdered substances enclosing a large 
amount of air, etc) 

The molecular theory of the solution of a gas in a liquid 
has been stated in a very lucid manner by Ostwald in the 
following terms : — 

" When the molecules of the iirst-named encounter the 
surface of the water, they are held fast in consequence of the 
mutual reaction set up between themselves and the molecules 
of water. When a certain number of molecules of the gas 
have been taken up, it will come to pass that also a molecule 
of gas present in the water will disengage itself from the 
attraction thereof, and will return to the space occupied by the 
gas. This occurrence will be repeated the more frequently the 
larger the number of gas molecules in the liquid, and finally 
a state of equilibrium will arise, wherein just as many molecules 
will enter the liquid as issue therefrom. When the pressure 
is changed, the number of encountering molecules increases or 
diminishes in the same ratio ; equilibrium, therefore, can only 
exist when the number of the molecules escapii^ from the 
liquid, or the number of those dissolved in the liquid, is changed 
in equal proportions. Consequently the amount of gas dis- 
solved must be proportional to the preaeure. 
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" In the caae of gaseouB mixtures, the equilibrium will be 
established for each component in proportion to the number 
of its molecules, i.e. its partial pressure, independent of the 
other components, inaamuch as the number of entering and 
escaping molecules must be the same in each case. That is 
Dalton's law. 

"The influence of temperature changes the number of 
the ingoing and outcoming molecules in a similar direction, 
so that at first it remains without effect. At the same time, 
however, the constitution of the liquid and the mutual re- 
action of its molecules with those of the gas undergo change, 
the latter decreasing a& the temperature rises. To these 
latter constituents is lai^ely' due the decrease of solubility 
generally observed with increasing temperature." 

For our purpose another phenomenon is of particular 
interest, namely, that the solubility of gases in liquids is 
generally diminished by the presence m & dissolved solid 
body. It must also be mentioned that the solution of gases 
in liquids is invariably attained by evolution of heat. 
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CHAPTER VII 

SOLID SOLUTIONS 

Hitherto we have considered liquid soliijtions exclusively. A 
eeries of facts, however, compels the assumption that solutions 
also exist in the solid condition of aggregation. 

Thus, for example, iron is capable of absorbing hydrogen, 
which may even penetrate right through the metal. Platinum 
or palladium also absorb considerable quantities o£ hydrogen, 
which gradually distributes itself through the whole of the 
metal. 

Solid carbon is capable of penetrating glowing iron, and 
even of traversing porcelain crueibles, etc. The sole assump- 
tion by which these phenomena can be satisfactorily explained, 
is that solid bodies also ptrasess solvent powers ; that conse- 
quently solid solutions exist; and this assumption is con- 
firmed by the behaviour of solid alloys in cooling down from 
a high temperature. In some alloys it is found that, even 
after complete solidification, they exhibit critical points 
attended with the evolution of heat. 

These critical points,^ however, as we have seen, afford 
proof that alterations in condition occur within the alloys 
at the temperatures in question, and are accompanied by a 
liberation of energy. 

In many instances it has been found possible to show the 

' The determination of the critieal points of alloys, which at the present 
time forms an important branch of the testing o( metals, bos received the some- 
what peculiar name of "cryosoopy.'' 
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nature of these alterations by means of microscopical and 
microchemical researches. As example, let us take the case of 
bronzes, of which, it is true, our knowledge is still somewhat 
imperfect, but which, however, clearly shows the complex 
character of the conditions. 

Osmond ' expresses himself in the following terms : — 

The complete curve of fusion has been determined by 
Stansfield (Fig. 17). Below this are drawn several curves 
showing the modifications produced by chemical composition 
and a number of physical properties, such, for instance, as 
the electro-motive power (Lanne), the electric conductivity 
(Lodge), the conductivity for heat (Calvert and Johnson), 
hardness (Martens), induction on the Hughes balance 
(Roberts-Austen), tensile strei^th and expansion (Thurston). 
Most of these curves are taken from a work by Stansfield. 
A few, I think, apart from individual irregularities, seem to 
demonstrate the existence of compounds of definite composi- 
tion, such as SnCug and SnCu^. 

By investigating the microstructure, H. Behrens found 
a still larger number of compounds, and H. Le Chatelier 
claims to have isolated a compound SnCuj by rational 
analysis. Keverthele^, an alloy so composed exhibits two 
points of recalescence. As a matter of fact, however, almost 
every one of the conclusions from one set of experiments can 
be confuted, or at least called in question by the results of 
another set, and any attempt to explain these variations of 
behaviour is encountered by insurmountable difficulties. A 
single glance at the curve of fusion will show the complex 
character of the question. Some of the alloys have three 
or four modification- (critical-) or solidification points, the 
position, and even the curve, of which depends on the rapidity 
of cooling. 

Fortunately the solution of the task may be considered 

' BaumaUrialhinde, ii. p. 68. 
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feasible, thanks mainly to micrographical analysis, which 
{uniiBheB as many equations as unknown quantities, and 
with which Giiillemin, Behrene, and Charpy have obtained 
such interesting results. The solution is only a matter of 
time, patience, and method. 

Osmond has described a series of micrographical points 
taken by Guillemin. 

The first series of experiments deals with bronzes which 
■ were cast in moulds in the form of square rods of 1 5 x 
15 mm., and contained an amount of tin ranging between 
9 and 33 per cent. All the photc^raphs are mt^ni&ed 100 
times, no further details being shown by additional magni- 
fication. 

The bronze containing 9 per cent, of tin (Fig. 18, Plate 
11.) appears homogeneous, or at least the examination points 
to that condition. It probably posse^es only a single fusing 
point, since with this percentage of tin the line bh ot the 
second solidification point of Stansfleld's curve ceases (accord- 
ing to more recent observations it extends as far ae 5 per 
cent, of tin). 

The bronzes with 11, 16, and 19 per cent, of tin (Figs. 
19, 20, 21, Plate IL) exhibit, in increasing proportion, a 
second body, which deposits around the crystals of the first 
one. Its solidification point is probably indicated by the 
line bb ot the diagram. 

With 33 per cent, of tin the alloy again becomes homo- 
geneous, and consists of contiguous polyhedra, though in no 
wise a compound of definite composition (SnCuj or SnCuJ 
(F^. 22, Plate 11.). 

Another series of photc^raphs shows the influence of the 
rate of cooling on a bronze containing 1 9 per cent, of tin. A 
sample was cast in sand and slowly cooled (F^. 23, Plate IT., 
magnification 100 diameters). The crystals of the first 
solidification exhibit more clearly defined shapes than those 
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of a similar specimen east in a metal mould (Fig. 21, Plate II.). 
In addition, the matrix, whiob corresponds to the second 
solidification point, is no longer homc^eneous, having split 
up into two constituents, one of which has become coloured 
by oxidation, as may be seen from the highly magnified 
photograph (Fig. 24, Plate II., magn. 500-fold> 

A second sample of the same alloy at dark red heat 
was hardened in water at 50° C. On examining the 
structure (magn. 100 - fold linear) it appears to be the 
same as above (Fig. 25, Plate IL). However, when 
minified 500 times linear (Fig. 26, Plate II.), it is 
seen that the matrix corresponding to the second solidifica- 
tion point has not split up into two parts. Tbe alteration 
retarded by hardening is probably that corresponding to the 
line C G of the dit^ram. Consequently the line C C appears 
less to indicate the true solidilicatiou point of a liquid than 
the refining of a so-called solid solution. 

Apparently the matrix itself still continues to constitute 
a solid solution, which is not dissociated until subjected to 
further gradual cooling. 

This example illustrates the remarkable analogy existing 
between liquid and golid alloys, and shows that many solid 
alloys must actually be regarded as solutions. 

Under these circumstances these solid solutions must also 
follow the laws relating to osmotic pressure, and the relation 
between the temperature of deposition (refining temperature) 
and molecular weight of the dissolved substance, just the 
same as liquid solutions. The sole difference manifested is 
that the depression of the temperature of couversion does 
not in genial correspond to the difference between this and 
the fusing point of the pure solvent, and that consequently 
another value must be substituted for E (the molecular de- 
pression of the fusing point) in the calculations. This matter 
will be dealt with later on. 
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As we have already Been, the usual procedure during the 
cooling down of a dilute liquid Bolution, is for the pure solvent 
to separate out first, in the solid form, which case we have 
utilised for the determination of the osmotic pressure, or the 
molecular weight of the dissolved substance. Now and again, 
however, it happens that in such cases the separation that 
occurs is not of the pure solvent, but a crystallisation of a 
molecular mixture of the solvent and the dissolved substance, 
a condition which — apart from clieoiical examination — can be 
recc^nised by the depression of the solidification point being 
smaller than is fui-nished by calculation from the molecular 
we^ht and the percentage of dissolved substance. Van't 
HofF explained this remarkable phenomenon by the assump- 
tion that the mixture that crystallises out is a solid solution, 
a hypothesis confirmed by the thorough researches of van 
Bijlert {Zeits. f.pkys. Chew.., 1891, vol. viii. p. 343). The 
latter found, in the case of a solution of thiophene in benzol, 
that a solid solution of about one-seventh the concentration 
of the liquid solution separates out ; that in the case of 
solutions of antimony in tin, or of /3-naplithol in naphtha- 
lene, a raising of the soMification point ensues ; and that 
in these cases the separated solid solution is of higher con- 
centration than the residual liquid solution. 

In the case of gases dissolved in solid bodies, the osmotic 
pressure must evidently be equal to the gas pressure. e.g. 
(according to van't Hoff) when hydri^n is dissolved in 
palladium to form Pd^H. 

When a substance distributes itself in constant propor- 
tion between a fluid and a solid solvent, the osmotic pressure, 
referred to equal volumetric concentrations, is equal in both 
solutions ; which agrees with what van Bijlert found in the 
case of solutions of thiophene in solid and liquid benzol. 
This matter will be reverted to in the next chapter. 

Mention must here be made of another circumstance. It 
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not infrequently happens with solid solutions that internal 
separations or depositions occur, which therefore stand in no 
relation to a transition from the liquid to the solid condition. 
Now Victor Rothmund (Zeits. /. phys. Chem., 1897, pp. 705— 
720)has shown that these depositions are connected with altera- 
tions in the molecular condition of the solvent. This worker 
investigated the alteration sustained by the conversion point 
of a solid substance on the addition of another body soluble in 
the first one. The law enunciated by Raoult for liquid solu- 
tions, that the relative reduction in the vapour pressure is 
equal to the molecular concentration of the dissolved sub- 
stance, was taken as a basis by Eothmund, who amved at 
the result that — if the molecular weight is the same in a solid 
solution during both phases — the alteration of the temperature 
of conversion is proportional to the concentration of the dis- 
solved substance, but that this proportionality ceases if the 
molecular weights are different. Consequently the examination 
of the conversion products at different degrees of concentration 
affords a means of determining whether the molecular weight 
of the dissolved substance is the same in both modifications 
or not In calculating the molecular weight, however, it is 
of course necessary to take into consideration the latent heat 
of conversion of the solvent, instead of the latent heat of 
fusion 
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CHAPTER VIII 

SOLTJBILITy 

CoNSiDEiUBLE similarity exists between the phenomena occur- 
ring during the evaporation of a liquid, or the liquefaction of 
a gas, and the solution and deposition of a solid body in and 
from a liquid. 

When a solid body is introduced into a liquid capable of 
dissolving the same, the former b^nB — against the laws of 
gravitation — to distribute through the latter ; in other words, 
to diflBolve therein. The prooeas of solution continues until a 
state of equilibrium is reached, which depends on the nature 
of the subBtoncee concerned and on the temperature. 

In the evaporation of liquids, which proceeds in just the 
same manner, this condition of equilibrium is established when 
the partial pressure of the vapour present over the liquid is 
equal to the vapour tension of the liquid itself. Precisely 
the same applies to solution, inasmuch as here the equilibrium 
is attained when the osmotic pressure of the dissolved sub- 
stance reaches the same value as the tension of solution of 
the solid body, which in turn depends on the temperature 
and the nature of the substances concerned, in the reaction. 

This analogy becomes the more remarkable when the two 
phenomena are regarded from the molecular hypothesis stand- 
point (the inclusion of the phenomena of fusion and solidiiica- 
tion being also appropriate). It is a matter of common 
knowledge that molecules must not merely be credited with 
mutual attraction (which also makes itself apparent in the 
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gaseous condition, and is borne in mind, for instance, in van 
der Waal'B equation of condition), but it must also be assumed 
that they possess considerable powers of locomotion. The 
former depends on the averf^e distance between the molecules, 
and increases considerably as this distance diminishes (accord- 
ing to van der Waal, in inverse ratio to the sciuare of the 
volume), whilst the locomotive power is dependent on the 
temperature and mass of the molecules. 

In the case of a liquid, the " internal pressure " due to 
the mutual attraction of the molecules is so great that the 
mean kinetic force of the molecules is no longer able to over- 
oome it. As a matter of fact, however, this kinetic force is not 
the same in all molecules, and indeed varies between rather 
wide limits. If, now, such molecules as have sufficient kinetic 
enei^y encounter the surface of the liquid, tEey will over- 
come the internal pressure, or the surface tension, escape from 
the liquid, and move freely, in the same manner as gas 
molecules, in the overlying space. The number of molecules 
possessing sufficient kinetic energy for this purpose depends 
entirely on the temperature. If the space above the liquid 
be ilUmitable, then the escaping molecules of vapour move 
farther and farther away from the hquid, others follow, and 
the evaporation continues without interruption. The inevit- 
able consequence of this is that the temperature of the liquid 
is reduced, since only such molecules as possess sufficient 
kinetic energy, and therefore are of sufficiently high tempera- 
ture, are able to escape through the surface of the liquid. 
Hence the molecules left behind in the liquid move at a 
slower rate, and therefore h^ve a lower temperature. This 
explains the latent heat of evaporation. 

If, on the other hand, the overlying space is restricted, 
the molecules of vapour cannot escape. In such event they 
come in contact with the walls, or with other molecules of 
vapour confined in the same space, and, being thrown back by 
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these, re-enter the interior of the liquid la this case, also, 
a condition of equilibrium must eventually be established, 
namely, when the number of molecules escaping from the 
surface of the liquid is equalled by the number returned into 
contact therewith. The number of the tirst depends entirely 
on the temperature, whereas the number of the latter depends 
on the number of molecules of vapour per unit volume 
(volumetric concentration) and their velocity (therefore on 
the temperature also). 

If we now pass to the consideration of the transition from 
the solid to the liquid condition, we must first distinguish 
between amorphous and crystaUine solid bodiea The former 
may be arranged in one series with hquids, inasmuch as a 
gradual transition between the two may be demonstrated ; 
the greater the internal friction of a liquid the more viscid it 
is, and therefore the more nearly does it approximate to the 
amorphous solid bodies. Conversely, however, amorphous 
bodies, such as glass, for example, which must undoubtedly 
be classed as solid, in the ordinary acceptance of the term, 
exhibit properties entitling them to rank along with viscid 
liquids. Thus a long glass rod supported at the two ends 
alone, will gradually bend and become crooked, its parts 
therefore obeying the influence of gravitation, like liquids do, 
though more slowly on account of the greater internal friction. 
This affords a very plausible reason for r^arding the amor- 
phous bodies as liquids of h^h viscosity, an assumption finding 
additional support in the circumstance that amorphous bodies 
have no definite melting point; so that the transition from 
the liquid to the amorphous state may be compared with that 
of gases into liquids at a greater than the critical pressure. 

On the other hand, the crystalline bodies behave in a 
very different manner. In this case not only must a regular 
arrangement in the molecule be assumed to occur — in contrast 
to the case of gases, liquids, and amorphous bodies — but, and 
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this is a mstter of special interest to ua, the tmnaitioB from 
the liquid to the BoUd state is accomplished suddenly, i.e. any 
given pressure also corresponds to a certain temperature at 
which the substance can exist in the liquid and the crystalline 
state simultaneously. Hence the transition from the former 
condition to the latter must be classed along with that of a. 
vapour into the liquid condition, below the critical pressure, ^.j 

The analogy between the two changes of condition extends,' 
however, still further. If a lic^uid that crystalliseB on. solidi- 
fying be left to cool gradually, it, as a rule, will not begin to 
deposit crystals when the normal temperature of solidification 
is reached, but becomes more and more viscid, and approaches 
the amorphous solid state. If, however, it be brought into 
contact with ever so small a quantity of the same substance 
in the crystalline state, it immediately solidifies in the form 
of crystals, the temperature rising up to the melting point, in 
consequence of the disengaged latent heat of fusion (see the 
cooling curve for tin in Fig. 27, according to the observations 
of Eoberta-Austen). On the other hand, if crystalline matter 
be present from the start, no supercooling occurs, but the mass 
will solidify in a crystalline form at the melting point, and 
the temperature will remain constant until this solidification 
is complete throughout. 

Vapours may also be supercooled just in the same way, 
but will condense immediately in presence of even a minute 
quantity of the same vapour in a condensed state. On the 
other hand, whilst liquids may also be superheated — in the 
absence of vapour — without vapour being disengaged, this is 
impossible in the case of crystalline solid bodies. 

A further similarity between the phenomena of vaporisa- 
tion and melting is the dependence of both the melting point 
and the evaporation point on pressure. Both temperatures 
rise as the pressure increases, provided the volume occupied, 
in the stable condition at higher temperature, is greater than 
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that filled in the stable condition at lower temperature (which 
is invariably the case with vapours), whereae under eonverae 
circumstances they sink. 

The elucidation of these phenomena from the standpoint 
of the molecular hypothesis has been clearly stated by Ostwald 
in the following terms : — 



In a liquid the molecules move irr^ularly past one an- 
other, and assume any relative position, without exhibiting any 
preference. A crystal of the same substance introduced into 
the hquid will liquefy if the temperature be above the melting 
point, since the kinetic enei^y of the molecular movement 
is greater than the force required to disint^ate the crystal. 
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If the temperature be just that of the melting point, then 
both values will balance, and just as many molecules will be 
dissolved from the crystal within a given time as it acquires 
from the liquid, so that its total dimensions remain un- 



Finally, if the temperature be lower, then a smaller number 
of molecules will be dissolved from the crystal in a given time 
than it acquires, and consequently the crystal will increase in 
size. 

If, however, the liquid be allowed to cool out of contact 
with the crystal, there is no impulse given to regular arrange- 
ment on the part of the molecules, and supercooling ensues. 
The kinetie enei^y of the molecules diminishes, they draw 
closer and closer together, and it may then happen that, 
among the numerous collisions of the molecules, there occurs 
one that throws them just into the regular and particularly 
stable condition necessary for the production of crystallisation. 
This gives rise to the circnmstancee under which the liquid 
crystallises spontaneously ; then ensues a r^ular deposition 
of molecules on the crystals so formed, inasmuch as the 
molecules that come in contact with the crystals in a suitable 
manner are retained, until the consequent increase of 
temperature attains the melting point, at which point the 
number of molecules acquired and released by the crystal are 
equal 

If a crystal be introduced into the supercooled liquid 
previous to the commencement of spontaneous crystallisation, 
the above - described procedure is repeated on that crystal ; 
and if the latter be removed, no further inducement to 
deposition remains. 

The possibility of supercooling evidently depends, therefore, 
on the ease with which the molecules can accidentally slip 
into the position of regularity. Consequently liquids of 
greater fluidity can be much less readily supercooled than 
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thoae of a more viscous character ; and the larger the quantity 
of any given liquid the more readily will crystallisation occur, 
since it is sufficient, for the commencement of crystallisation, 
that the necessary molecular arrangement is produced at any 
point in the liquid, and therefore the probabihty evidently 
increases in direct proportion to the number of molecules 
present, i,e. with the volume of the supercooled liquid. The 
possible extent of supercooling in one and the same body 
therefore differs, and depends on the number of molecules 
presmt. 

The process of solution of a solid body, or the deposition 
of such a body from solution, constitutes an additional analogy. 
If we admit that the dissolved body possesaes an osmotic 
pressure corresponding to the gas pressure, and ascribe to the 
Bohd body that is to be dissolved a certain " tension of solu- 
tion," depending on the temperature and the nature of that 
body and the solvent, then equilibrium occurs — ie. the solu- 
tion is saturated — when the osmotic pressure attains an equal 
value with the tension of solution. Consequently super- 
saturated solutions are on a parallel with supercooled liquids. 

The explanation of the entailed phenomena on the basis 
of the molecular theoiy is precisely the same as in the cases 
of melting and solidification, for which reason we may again 
quote Ostwald in this place. 

Ab the result of contact between a soluble substance and 
its solvent, the possibility of moving freely is afforded to its 
molecules ; they pass into the solvent, and this continues 
until such time as the number of molecules leaving and 
acquired by the solid body are equal. This evidently depends 
. on the number of molecules present in unit volume of the 
solution, i.e. on the concentration. If the solid body come in 
contact with a more highly concentrated solution, then a 
larger number of molecules will be retained by the former 
than it emits ; the solution is " supersaturated," and the 
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crystal grows.^ It it be removed, the cause of the deposition 
ceases to operate, and the solution remains supersaturated. 
The spontaneous crystallisation of a supersaturated solution 
is influenced by the same conditions as a supercooled melt. 

Naturally, just the same applies to soHd solutions as to 
liquid solutions, and a certain motility of the molecules must" ' 
also be ascribed to the former. 

From what has been already stated, the tension of solution 
of a solid substance towards a solvent is as great as its 
osmotic pressure in a saturated solution. According to van't 
Hoff, the dependence of the tension of solution on the tempera- 
ture is foimd from the equation — 

i.=Tf(y-,'), 

wherein L indicates the quantity of heat absorbed when 1 
mol. of the solid substance is dissolved under constant osmotic 
pressure of the solution saturated at the temperature T. V 
is the volume of a mol of the dissolved substance in the 
saturated solution, v its volume previous to solution. 

Hitherto we have treated of the solubility of a single 
solid body in a sii^le solvent; it now remains to consider 
the behaviour of several solid bodies towards one and the 
same solvent, as well as the behaviour of a single solid body 
towards several solvents. 

The behaviour of several solid bodies, simultaneously 
present, towards one and the same solvent, may be of varying 
character. 

^ The term "aupcrBatumted," however, refers solaly to solid sabstances of 
definite composition. Thus, if a solutioti of sodium sulphate be cooled down to 
a low temperature, both NajSO. + THjO and NajSOj + lOH^O cian he dspoaited 
therefrom. Now, since the former salt is far more soluble than the latter, it 
is evident that a solution can be prepared which, on contact with aolid 
NajSO,+ lOHjO, will crystallise immediately, and is therefore supersaturated 
with that salt, although still capable of dissolving small quantities of the salt 
Na^Of + rH^O, and therefore not fully saturated with this latter. The same 
solution, however, may be supersaturated for both salts by cooling it down still 
further. 
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Some bodies, when brought simultaneously into contact 
with a solvent, give a solution of definite composition at a 
given temperature, irrespective of the relative proportions in 
which they are employed, provided only they are present in 
excess. Examples of this class are afforded by the nitrates 
and chlorides of the alkali metals and ammonia, as also by 
ammonium chloride and barium chloride, sodium chloride and 
copper chloride, potassium nitrate and lead nitrate, sodium 
sulphate and copper sulphate, etc. 

lo other cases, again, the concentration ot the resulting 
solution varies according to the relative proportions of the 
substances to be dissolved. Such substances either form 
definite double salts or are isomorphous, the two groups differing 
in behaviour, as shown by Ostwald. Thus if one of the two 
constituents of a double salt be dissolved in a solution of such 
doable salt by the aid of heat, and then allowed to crystallise, 
a diminished proportion of the other constituent will be found 
remaining in the solution. By repeating the process a 
solution of constant composition will finally be attained, 
containing a residual non-displaceable remnant of the salt. 
A similar result will follow the addition of the other con- 
stituent salt in the same manner. Thus, instead of one 
solution furnished by the grouped substances of the first 
class, we here obtain two terminal solutions of constant 
composition, together with solutions containing all the inter- 
mediate proportions of the constituents. 

As a rule the actual displacement of isomorphous salts 
is complete if the solution be repeatedly treated with an 
excess of one of the two salts in the warm, and left to 
crystallise out. 

With bodies of the first group, equilibrium is established 
between osmotic pressure and the tension of solution of each 
diseolved body separately, and consequently a separate definite 
constitution of the solution must correspond with each given 
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temperattire. In the casee of bodies entering into mntual 
combination, equilibrium ia established between the possible 
compound and the constituent present in excess ; hence there 
must be two stable conditions of equilibrium, corresponding 
to the three eventualities, that either one or the other, or 
neither, is in excess. Finally, with isomorphous bodies, any 
given constitution of the mixture of undiseolved subatancee 
has its own particular condition of equihbrium, and therefore 
also a definite composition for the concentrated solution. 

The distribution of a substance between two solvents of 
low mutual solubility proceeds in accordance with the follow- 
ing laws, the term " coefficient of distribution " being applied 
to the ratio of the volumetric concentration of the substance 
in the two solvents after the establishment of equilibrium :— 

1. If the dissolved substance exhibit the same molecular 
weight in both solvents, the coefficient of distribution is 
constant at the given temperature,i'and therefore the osmotic 
pressure in the two solutions if the volumetric concentration 
be equal, | 

2. If several dissolved substances be present, each separate 
class of molecules will be distributed as though alone. 

3. If the dissolved substance be in a state of dissociation, 
and not in a uniform molecular condition, law 1 will apply 
to each of the classes of molecule resulting from the dis- 
sociation. 
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CHAPTER IX 

DIFFUSION 

It has already been stated that a solid body, in passing into 
solution, is distributed uniformly through the solution, con- 
trary to the laws of gravitation ; the same is also true when 
two solutions of different degrees of concentration are placed in 
contact, and it may be stated that, in general, dissolved sub- 
stances wander from positions of higher concentration to those of 
.lower concentration. This phenomenon is termed " diffusion," 

Osmotic pressure is evidently the motive power by which 
diffiision is effected, and the process itself corresponds exactly 
to what happens in the course of equalising differences 
of density in the case of gases, the only point of difference 
being the rate at which the processes are carried on, the 
higher internal friction in the case of liquids rendering the 
operation much slower than with gases. 

Now, since the differences in osmotic pressure are pro- 
portional to the pressure of concentration, the rate of diffusion 
must also be proportional thereto (Fick'e law). The quantity 
of dissolved substance that will pass through unit sectional 
area in unit time at a given temperature, when the difference 
in concentration between two sectional areas, situated at unit 
distance apart, is taken as 1, is termed the "coefficient of 
diffusion." This value depends on the nature of the solvent 
and the dissolved substance, increases with the temperature, 
and apparently changes with the concentration. 
S 
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The coefficient of diffusion being known, and also the 

osmotic pressure, the frictional resistance K can be calculated 

by the formula — 

I'd 9 
K=^^x 109(1+0003670 

(Nemat, Zeits./. phys. Chem., 1888, voL iL p. 613). 

In this manner it is Eoimd, for example, that the dis- 
placement of 1 mol. of saccharose (342 grms.) at a velocity 
of 1 cm. per second, in its aqueous solution, at 1 8° C, requires 
a force of traction equal to 4,700,000,000 kilos. 

From the rate of diffusion of dissolved bodies, and the 
mean velocity ot their molecules, w (in accordance with the 
kinetic theory of gases), Eiecke deduces the dimensions of 
their mean free path traversed (in mm.), and finds — 

L__^^^ 

8 64xlO*M 

Now sipiilar phenomena of diffusion appear also in the , 
case of metallic alloys, and we will therefore consider certain 
of them here, althoi^h — so far as iron is concerned — they will 
be more fully dealt with in a later section. 

The question has often been posed why it is that a 
uniform mass results on cooling, when two metals have been 
fused together, or a fresh metal has been added to an existing 
melt consisting of two or more metals. For instance, if a 
few kilos, of ferromanganese be added to 10 tons of molten 
iron in a converter, the resulting ingots will be of fairly 
uniform composition. It is true that partial spontaneous 
separation may disturb the uniformity of distribution in each 
individual ingot, to a certain extent, but the percentage of 
manganese in each ingot will be approximately the same 
throughout. This uniformity cannot be entirely due to the 
mechanical movement of the molten mass within the con- 
verter, and we are therefore constrained to attribute a certain 
power of motility to the molecules of metal. This applies 
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to a number of alloys, and in studying those molecular move- 
ments it will be preferable to select such alloys as do not 
suffer disturbance, in point of uniformity of distribution, 
til rough the influence of spontaneous separation. Graham 
has shown that this molecular motility, in the case of saline 
solutions, increases considerably with the temperature ; conse- 
quently, in investigations of this kind, particular attention 
must be paid to tlie temperature at which the diffusion occnre. 
On this point a series of very interesting researches has 
been published by Eoberts-Austen {Phil. Trans. Royal Soc., 



- - '\ ' 
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1896, clxxxvii. A., p. 383), which may be briefly recapitu- 
lated here. This worker inserted the different metals under 
examination into the bottom of tubes filled with molten lead 
(the tubes being heated to 500" C. for twenty-four hours, side 
by side). The results of the experiment are plotted in Fig. 
28, the strips marked Ft and An showing the actual dimen- 
sions of the two lead cylinders. The inscribed circles repre- 
sent the quantities of gold and platinum found in the different 
sections of the lead cylinders after solidification. The adjacent 
curves relate to the path traversed during diffusion, ag 
ordinates, and the concentration, as abseissfe. 
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The following table gives a view of the results obtained :- 
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It is thus evident that gold and bismuth diffuse more 
rapidlj in tin than in the heavier metal lead. 

Other experiments have shown that a measurable d^ree 
of diffusion occurs in solid as well as in molten metals. It 
is certainly noteworthy that gold, when placed under a 
cylinder of lead, 3 inches in height, and exposed to a 
temperature of only 200° C, i.e. far below its fusing point, 
should diffuse in considerable quantity as far as the top of 
the cylinder within three daya Even when the lead was 
heated to only 100° C, the gold diffused in measurable 
quantities, though 100,000 times less than in molten lead. 

The diffusibility of one metal in another is therefore 
quite as measurable a quantity as electrical conductivity. 
The figures in the final column of the foregoing table give 
the nutfiber of grains of diffused metal traversing 1 sq. cm. 
of tube section in twenty-four hours, when the difference in 
the content of the resulting alloy reaches 1 grain per c.c. for 
each 1 cm. of longitudinal distanca The coefficients of 
diflufdon are found by multiplying these figures by^ — ■ 
15-43 
241^607-60 -"»"'»• 
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With regard to the mutual diffusion of solid bodies, it should 
be mentioned that this power has long been known and 
utilised for industrial purposes : for example, the penetra- 
tion of carbon into solid iron during the cementation 
piocess. 
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CHAPTER X 

ELECTRICAL CONDUCTIVITY i CONSTITUTION OF 
ELEOTEOLYTES AND METALS 

In point of electrical conductivity a sharp distinction may be 
drawn between electrolytes and metals, the conduction of the 
electric current resting in the former case on a conveyance 
of material, whilst this is not so in the case of metals. 

Pure hydrochloric acid gas is just as poor a conductor 
as pure water, whereas an aq^ueous solution of bydroehlorie 
acid forms a good conductor, free chlorine being then 
deposited at the positive pole (anode) and free hydrogen 
at the negative pole (katbude). Now this can only occur 
when the chlorine in the solution travels in one direction, 
and the hydrogen in the opposite direction ; and the simplest 
explanation is afforded by the assumption that the electrolyte 
consists of parts of different polarity, i.e. of molecules (also 
called " ions ") laden with positive, and others laden with 
negative, electricity. The electric (galvanic) current is then 
set up by the positive ions (kathions) wandering in the direc- 
tion of the positive current, and the negative ions (anions) m 
the direction uf the negative current. 

This assumption finds important confirmation in the 
previously recorded observation that the osmotic pressure 
of dissolved bodies is frequently — and especially in the ease 
of aqueous solutions— greater than would result from the 
molecular weight calculated from the chemical formula, thus 
proving that a partial, and more or less complete, dissociation 
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of the dissolved substance actiially occurs in such solutions. 
Moreover, it is found that juat those substances, and those 
only, that are capable of conducting the electric cuiTent in 
their aqueous solutions, stand under higher osmotic pressure 
than is furnished by calculation from the molecular weight 
in the gaseous condition ; that the electrolytic conductivity 
increases with the degree of dissociation calculated from the 
osmotic pressure ; and that the substances that are good 
conductors when in a state of aqueous solution, suffer a 
diminution of . this property with the disappearance of the 
abnormal osmotic pressure when they are dissolved in other 
solvents. 

According, therefore, to our hypothesis, an aqueous 
solution of hydrochloric acid is decomposed in conformity with 

the equation HCl = H + CI, and an aqueous solution of sodium 

sulphate as follows— Na^SO, = Na + Na + SO^. 

Helmholtz assumes the existence of two elementary 
electrical particles and © (positive and negative electrons), 
of which those of like character repel each other, whilst those 
of unhke character attract one another. According to this 
view, we should have to regard the free ions as electron 
compounds. In the first case we should then have — 

H© + cie, 

but in the second case — 

/® 
Na©+Na® + SO.< 

The case is entirely different with metals, the electrical 
conductivity of these being generally far superior to that of 
the liest conducting electrolytes at the ordinary temperature ; 
in fact it would appear from recent researches that metallic 
conduction may attain really enormous proportions in the 
vicinity of absolute zero (whei"e electrolytic conductivity is 
imperceptibly minute), whereas at higher temperatures (at 
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which electrolytic conduction is excellent) that of metals 
gradually dimioishea Moreover, as already stated, there 
exists between the two the cardinal difference that the 
conductivity of electrolytes rests on the conveyance of matter, 
which cannot be detected in the case of metals. 

The tendency at present is to favour the view that metals 
contain electrical particles which (in contrast to the ions) are 
devoid of mass, and the migration of which effects the conduction 
of the electric current. The excellent conductivity exhibited 
hy many metals leads to the assumption that these contain 
a very large number of such particles, an opinion supported 
by the fact that matter in the metallic condition is of high 
density, i.e. that the presence of numerous electrical particles 
produces considerable electrostriction. Under the hypothesis 
of electrical atoms devoid of mass, we should then have to 
regard the metals as solutions of electrical matter (ether ?), in 
which the dissociation ® O = © + has assumed consider- 
able dimension's. A support of this view could probably be 
found in the extraordinary conductivity of the metals, this 
being analogous to the increased conductivity of the gases 
in a state of dissociation. 

According to C. Liebenow,' the electric conductivity of 
alloys promises to furnish valuable information as to their 
constitution. The foundations of his theory are as follows : — 

The conductivity of an alloy, calculated from the propor- 
tion and conductivity of its components, is generally greater 
than that actually observed, because of the thermo-electric 
counter currents set up by the electric cuiTent between the 
various constituents of the alloy. 

For the sake of simplicity we may imf^ne the alloys as 
composed of alternate superposed plates of the components. 
If this mass be then traversed by an electric current, the 
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surfaces of contact will exhibit Peltier effects, i.e. will be 
alternately heated or cooled, the alloy in such event repre- 
senting a thermopile, the electromotive force of which acts in 
opposition to the current. Moreover, it is clear that this 
counter current must be proportional to the strength of the 
current, so that the alloy appears to exert an increased 
resistance. 

Hence the specific conductivity of a metallic alloy can be 
expressed by^ — ■ 

Co (1 +yt) = A^{X +at) B(, (1+^0, 
wherein Aq represents the actual resistance at zero C. (calcu- 
lated according to the law of mixtures), B^ the thermo- 
electric counter energy, and Cq the resiatance actually 
observed, a, /9, and y are coefficients of temperature. 

Now the coefficient for most of the pure metals is 
0'004 (approximately the same as the coefficient of ex- 
pansion of gases, 0'003663), ie. the resistance of most pure 
metals increases in proportion to the absolute temperature. 
On the other hand, the opposing thermo-electric enei^ alters 
but very slightly with the temperature, so that the value 
may be substituted for /3. 

From the above, Liebenow draws the following con- 
clusions : — 

1. As & rule, provided B, possesses any considerable 
value, the specific resistance of an alloy will be greater than 
that calculated from the components ; on the contrary, the co- 
efficient of temperature will be much less than that of the 
pure metals. 

2. On the other hand, in metals that are thermo- 
electrically indifferent B^ is small, and in this case the specific 
resiatance can be calculated from the components ; the co- 
efficient of temperature of such alloys is just as great as 
that of the pure metals. 

3. If the mixing of the metals result in the formation of 
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a compound, and if the proportions of the components be 
selected so as to correspond with the composition of that 
compound, then Bq necessarily disappears, and the coefficient 
of temperature becomes equal to that of the pure metals. 
The presence of an excess of either of the components would 
cause Bfl to assume an appreciable ^alue, which must be 
attended by a reduction in the coefficients of temperature. 

The resistance curves of metallic alloys (referred to the 
resistances as ordinates and the volume-percentage composition 
of the alloys as abscisste) are parabolic, the axes running 
parallel to the ordinates ; consequently the resistance increases 
from the pure metala up to the point of equal volume- 
percentage, whilst the coefficients of temperature follow the 
opposite course. 

From the remarkably low coefficients of temperature of 
liquid mercury, Liebenow {Zeits.f. Elektro-Qhem., 1898, vol. iv. 
p. 515) drew the highly interesting conclusion that the 
metal in this condition constitutes an alloy of the monatomic 
molecules of mercury vapour and the polyatomic sohd metal. 
This assumption finds important support in the fact, dis- 
covered by W. von Siemens, that small metallic additions 
(less than 1 per cent.) to mercury increase its conductivity, 
whilst lai^r additions have the reverse effect ; also in the 
relation between the coefficients of temperature and the 
resistances of solid and liquid mercury ; in the diminution of 
the coefficient of liquid mercury as the temperature is 
reduced ; and by the possibility, discovered by Grunmach, of 
obtaining solid mercury with higher resistance and smaller 
coefficients of temperature than it exhibits under ordinary 
conditions. 

A close connection exists between the conductivity and 
the opacity of metals. On this point Nemst states : " We are 
unacquainted with any non-metallic bodies that require to be 
reduced to such thin layers as is the case with metals, before 
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becoming trauepareiit. From the standpoiDt of the electro- 
magnetic theory of light the optical opacity of the metallic 
condition must be ascribed to the circumstances that — in 
contrast to electrolytic conductivity, where the connection of 
electricity is inseparable from that of matter, and therefore 
poBsesses appreciable inertia — the metals also behave as good 
conductors of electrical vibrations of the high velocity ex- 
hibited by light waves," 
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CHAPTER XI 

THERMAL EXPANSION 

It has been found by H. Le Chatelier {Bull. Soc. d'Encour., 
1895, p. 569) that the maxima of the fusing-point curves of 
nietallic alloys do not invariably correspond with that coni- 
poaition of the alloys which would coincide with the definite 
chemical compound to which the maxima in (luestion are 
ascribed. Van der Waal {Archives des Sciences neder Ian- 
daises, 1899), who confirms this observation, proceeds from 
the law of phasea eatabliahed by Gibbs, according to which 
the composition of the liquid portion of the solution must be 
equal to that of the deposited solid body, np-to the maximum 
of the fusing-poiflt curve. The contradiction between theory 
and experience also disappears immediately when it is 
assumed that — starting from the definite chemical compound 
— the composition of the deposited solid continually changes 
in accordance with the composition of the solution, i.e. that 
the deposited solid body behaves as an isomorphous mixture, 
or, in other words, that the deposition is that of a solid 
solution. 

In such cases it is necessary, in order to obtain more 
complete information on the constitution of alloys, to have 
recourse to other observations in addition to the determina- 
tion of the fusing-point curves or the points of recalescence ; 
and for this purpose Le Chatelier {Comptes Rendus, 12th 
June 1899; The Metallograpkist. 1899, ii. p. .334) recom- 
mends, in addition to the examination of the microstructure. 
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the measureineitt of the electrical conductivity and the 
thermal expansion. 

The value of the firat-named determination in ascertain- 
ing the constitution of alloys has been discussed in the 
preceding chapter ; the measurement of the thermal expansion, 
however, gives the following indications : — 

If an alloy be formed of the alternate juxtaposition of two 
kinds of definite compounds, or, for example, of one such com- 
pound and a pure metal, then the expansion must necessarily 
remain within the limits of the expansion of the rx)mponent8 ; 
if, on the other hand, the alloy exhibit an expansion deviating 
therefrom in any considerable d^ree, a solid solution is present. 

Le Chatelier selected for his experiments the alloys of 
copper with antimony or aluminium, because these exhibit 
very decidedly the above-mentioned anomalies of the fusing- 
point curves. The results of these experiments are given 
below, it being premised that the composition of the alloys is 
expressed in equivalents of copper per 100 equivalents of the 
mixture : — 

Cofpbr-Aktimohy Allots. 
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The expansion of the alloys rich in antimony is uncertain, 
because the expansion of antimony crystals is very unequal 
in different directions. 
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The definite compounds in these two seriea have the 
following atomic compoBitioc : — 

Copper- Antimony Alloys. 

Cu 80 per cent SbCuj. 

Copper- Aluminium Alloys. 
Co 75 per cent. .... AlCug. 
Cu 33 „ .... AljCu. 





i^ 














1 




























_- 


N, 


H 


- 


h- 




























— 


r^ 


r 


y- 






















1 








? 














V 










-~ 


^ 


3 





, 





k. 







^ 


€^ 


— 






17^ 


1 


^ 






— 


— 


















































































































L- 


n 




V- 







(T- 


Vi. 


« 





in 100 epmalmlt of Uit atloy 



















AlOi 


, 












'■■ 








-^ 


_^ 


n 


lUL 








1 






/ 






/ 














/ 








/ 












/ 










/ 


% 








■?' 


/ 








^^ 




600' 




^ 


7< 




^ 




y 




'Cu, 


























1 


2 


\t 


Oeq 


"J, 


ms 


f ih, 


Bila 





' "• 



The foregoing results are displayed by the graphical 
method in Fig. 29, whilst Fig. 30 repi-esents the fuaing-point 
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curves of these alloys. A comparison of the two figures shows 
that the fueing-point maximum of the copper-antimony alloys 
corresponds to a maximum expansion considerably in excess 
of pure copper, or ot the compound SbOuj. Consequently 
the alloy corresponding to both these maxima cannot be con- 
structed of alternate crystala of Cu and SbCuj, but must 
represent a solid solution. 

In the copper-aluminium alloys, the compound AlCuj 
cori^eeponds to a maximum of the fusing-point curve, and of 
the curve of expansion, and therefore exhibits no anomalies. 
On the other hand, the compound AljCu (33 per cent. On) 
does not coincide with a maximum in either curve. The 
nearest maximum in the fusing-point curves corresponds to 
the alloy with 30 per cent, of Cu, and the curve of expan- 
sion exhibits between 33 and 30 per cent, ot Cu a steep 
ascent which also points to the existence of a solid solution 
in this case. 

If these deductions be correct, the microstructural exami- 
nation and the determination of the electrical conductivity 
must also lead to the same results. No results on this point 
are available in the case of the copper-aluminium alloys ; but 
for the copper-antimony alloys, Kamensky ^ found a maximum 
of electrical conductivity ; and Stead,* homogeneous structure ; J 
with 80 per cent, of copper,ji.e. in the alloy that exhibits the/ / 
highest fusing point and the largest coefficient of expansion.^ J 

Other physical properties of the metallic alloys have 
hitherto scarcely been brought under consideration with a 
view to the elucidation of their constitution ; consequently 
brief reference thereto will suffice. 

The volume of the alloys is in some cases equal to the 

; The Metallogn^hist, 
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sum of the volume of their components (gold-copper alloys, 
antiinony-bismuth alloys, etc.), in others smaller (copper-tin, 
silver-gold), in others again larger (antimony-tin, tin-cadmium, 
cadmium-lead). 

The specific heat of alloys can, according to Regnault,' 
be calculated from that of their components, by the additive 
method ; this, nevertheless, also applies to solid compounds. 

The heat of mixture is frequently very considerable, e.g. 
in the ease of the conjoint fusion of copper and zinc, the 
production of sodium amalgam, etc, and in fact sometimes 
BO great as to lead to incandescence. 

^ Ann. Chiin. Fhys., 18*0 (2), 73, p. 5. 
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BOOK II 

MICBOGEAPHY 
CHAPTER I 

GENERAL 

The immediate object of the microBcopieal examination of 
metals and alloys is the determination of their mierostructure, 
and to discover the connection between this and the other 
properties of the metal under examination. It was, however, 
soon recognised that this microstructure depends not merely 
on the chemical composition of the alloy, but also on the 
method of production and treatment ; and consequently the 
aims of micrography were enlarged to include the connection 
existing between the production, treatment, and structure of 
alloys within the scope of research. These investigations are 
of the widest importance, inasmuch as they not only often 
reveal the way in which the alloy under examination has 
been prepared and treated, but also frequently afibrd indica- 
tions as to the most suitable methods of production or treatment 
for a particular purpose, and as to how certain defects in the 
material or method of treatment can be obviated. 

Osmond, one of the most noted workers in this branch 
of flcience, compares the various tasks of the microscopy of 
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metals with the different branches of the natural sciences 
(anatomy, histology, biology, and pathology), 'and states 
{BaumaUrialkunde, ii. p. 63) that the investigation of the 
metals naturally falls into a number of subdivisions, just as 
in the case of medical science, so that we can therefore 
speak of anatomico-histological, biological, and pathological 
metallography. 

The foremost is concerned with the differentiation and 
determination of the various components of an alloy. This 
is effected by determining the optical properties, such as 
coloui' and lustre, the chemical peculiarities (e.g. behaviour 
towards re-agents, formation of superficial films), and the 
mechanical properties {6.g. resistance to wear and fracture) ; 
in addition, an examination is made of their form, whether 
crystalline or not, their absolute and relative dimensions, the 
parts exhibiting the minimum of cohesion (surfaces of contact 
and fissure), either separating the particles from each other, 
or each for itself. 

The second part investigates the modification sustained 
in point of composition, form, dimensions, and mutual rela- . 
tion, by the different components found in a specimen in 
normal condition, when subjected to various methods of 
treatment, whether by mechanical influences or heat, in the 
course of manufacturing or using the alloy. 

Finally, the third part is concerned with the study of 
defective treatment of the material, and extraneous admix- 
tures, which develop special peculiai-ities therein. This 
branch of metallography often enables the reactions elucidated 
by suitable prelimmary investigations to be utilised in solving 
problems arising in the course of daily practice. 

Having spoken of the maladies of metals, it becomes our 
task to perfect, as completely as possible, the remedies by 
which these defects may be removed, in order that in this 
the solidity and durability of our edifices may be 



.coy Google 



GENERAL 83 

ensured. In the attainment of this object, metallography 
offers a new method of investigation, the appliances of which 
are daily becoming more perfect and the advantages more 
apparent. 

So far as concerns the microscopical examination of the 
metals, a complete description of all the methods, instruments, 
and appliances used for this purpose would exceed the limits 
of the present work. For our pui-poses a brief review of 
them will be sufficient : this is, however, indispensable in 
order to enable those who have not been personally engaged 
in similar investigations to suitably appreciate the results 
obtained. 

Fractured surfaces are unsuitable for the purpose of 
microscopical examination, since on the one hand they only 
bring into view the parts exhibiting a minimimi of cohesion, 
and on the other hand their irregularity precludes the em- 
ployment of any but very low powers (ordinary hand magni- 
fiers). 

Consequently the examination has to be conducted on 
cut and polished surfaces, and it is advisable to examine both 
the surfaces exposed by the cuttir^. For information as to 
the various kinds of apparatus used for cutting and polishing, 
the reader must consult the special literature on the subject. ■ 

The simplest method of procedure is as follows : — 

Lumps of the metal or alloy, measuring 1—2 cm. in 
breadth, are separated from lai^e castings, forged, or rolled 
pieces, by chipping or sawing. These are next filed down 
into discs, 1-5J mm. thick, with parallel surfaces, which are 
mounted for polishing by cementing them on to glass, or 
soldering on to zinc or brass plate. (This latter, however, 
prevents the formation of superficial colorations.) In the 
case of hard cast iron, fine crystalline white iron, ferro- 
tungsten, ferrochrome, etc., it is necessary either to break 
off suitable flat pieces with a hammer, or saw them off by 
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means of emery and a soft steel disc. In grindii^ thin 
plates (0'5 mm. and under) the cementing material is a 
source of much difficulty, and the following cement will be 
found to give the beat results : — Shellac melted with half its 
own bulk of soft Canada balsam, the mass rolled into sticks 
of about 4 cm. diameter whilst still soft, and these used in 
the same way as sealing wax. 

The cut surfaces must then be polished, for which opera- 
tion no general rules can very well be laid down. Rough 
grinding is beet effected with a hard cast-iron disc, revolving 
on a vertical axis and strewn with emery powder, the ordi- 
nary commercial form being employed at first, and afterwards 
succeeded by fine, levigated emery. It is necessary to care- 
fully wash the specimen of metal before each change to a 
finer grade of emery. At the Mechanico-technical Laboratory, 
Charlottenburg, a machine constructed by E, Fueas of Steg- 
litz, near Berlin, is used for this purpose. 

Dry grinding should be avoided, since, in addition to 
other unpleasant defects, it produces blue colorations on the 
surface of the metal, and the parts so affected continue to 
behave in an abnormal manner when etched, even after 
havii^ been repeatedly cleaned with leather and tin ash. 

According to H. Behrens, the fine grindmg is effected on 
fine ground glass with the finest emery, the latter having 
been previously ground in a httle water with a glass or 
porcelain muUer until no further noise is audible. 

Polishing is performed with the finest rouge or tin oxide 
(both strongly calcined and ground till noiseless), mixed with 
water, two methods being employed. 

Ordinary flat polishing is effected on a disc of plate-glass 
or agate, a high lustre being beat obtained by dry polishing 
on glass or agate. In this event the hardest parts of the 
stmcture are revealed by their brighter sheen. 

The second method is that of polishing in relief. It con- 
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sists in completing the operation on a Boft pliant backing, 
80 that the different components will be removed to a differ- 
ent extent, and the hardest will stand up in rehef. If the 
constituents differ considerably in their degree of hardness, 
the structure will be detected under the microscope, without 
any further treatment being required. This method forma a 
useful means of determining the relative hardness of the 
constituents. A suitable backing for relief-polishing is afforded 
by a block of soft wood, over which is stretched a piece of 
wetted parchment. A small quantity of jewellers' rouge is 
used for the polishing. A third method of poUahing by etch- 
ing is described below. 

In order to bring up the relief in a particularly decided 
manner, H. Behrens giinds the specimen with emery and 
water on a ground glass plate until a Hne matte surface has 
been produced, and then, after rinsing, polishes for a short 
time with tin aah and a very little water, on wood. By the 
action of the granular grinding materials, the softer and more 
crumbling particles are most attacked, and the brief poUshing 
acts merely on the parts in relief, which it brings more 
prominently into view by their increased luatre. 

In flat polished specimens, and also in those polished in 
relief, when the differences in the hardness of the constituents 
are not sufficiently accentuated, difficulty is experienced in 
differentiating the components tmder the microscope unless 
they are differently coloured. To render . them more clearly 
apparent, the polished surface is aubjected to certain chemical 
and physical treatments, which differ with the nature of the 
materials. The chief among these processes are etching and 
coloration. 

Wedding advises that, previous to etching, the polished 
surface of metal should be brushed over whilst immersed in 
chloroform, and then cleansed with alcohol and ether. This 
method, however, suffers from the defect of over - rapid 
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evaporation, the result of which is that, despite the utmost 
care, there frequently remain behind on the surface of the 
metal streaks and rows of grease spots. Moreover, the 
rapid evaporation of alcohol and ether produces condensa- 
tion of atmospheric moisture, which, if not evaporated in a 
uniform manner, may also give rise to disturbances of the 
experiment. For these reasons both Behrens and Storby 
accord the preference to rubbing with dry polishing materials, 
such as tin ash or Viennese lime, distributed on a r&g or piece 
of fine-grained wood. In using rt^s or .pieces of cloth, care is 
necessary, since fragments of soap may be conveyed to the 
surface of the metal, and, with the assistance of moisture, 
produce most surprising streaks and tufts when the specimen 
is etched and coloured. Even the use of fine leather requires 
the exercise of care, both chamois and glove leather some- 
times containing a large proportion of fat. Nevertheless, it 
may be very useful after rubbing with tin ash or Viennese 
lime. 

Two purposes are served by etching: either merely the 
different attackable parts are to be rendered visible, or the 
individual constituents acquire different colorations. The 
first eventuality chiefly happens when the constituents are 
so small as to be undistinguishable, even under the micro- 
scope. The irregularities produced in the surface by the 
action of the etching recent cause the decomposition of the 
reflected light ; and in proportion as the etching is- deeper, 
yellow, brown, blue, and black shades appear in succession 
(in normal light), without, however, representing any actual 
coloration. 

The reagents employed for etching frequently consist of 
very dilute acids. Osmond recommends dilute nitric acid, its 
action being the more rapid the harder and more impure the 
metal. Dr. Sorby also etches with very dilute nitric acid (one 
volume of 56° B. acid and four of water) for a few seconds. 
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one minute at most. If the etching is insufficiently strong, 
he dips the specimen in the reagent for another five to ten 
seconds, and repeats this operation until it is etched enough. 
After each immersion the specimen must be examined under 
the microscope. Wedding advises hydrochloric acid (1 : 100), 
and both this worker and Martens recommend hydrochloric 
acid diluted with alcohol or ether ; however, in the latter 
event, the ground specimen must be moved up and down on 
a platinum gauze, the access of air being prevented by an 
elastic cover attached, to the handle of the gauze. 

H. Behrens recommends nitric acid of specific gravity 1-3 
for preliminary experiments, on account of its clean and rapid 
action. According to this worker, the relief produced by the 
Wedding process is so slight that the detection of any struc- 
ture is difficult, even when the specimen is held in a slanting 
direction towards the light. In this case the coloration is 
the principal thing, the etching, which alters the polished 
surface in accordance with the structure, being only a pre- 
paratory process. It is undeniable that very minute details 
of the structure can be rendered visible in this way ; but it 
must not be forgotten that great care is necessary. It is 
better to carry the etching somewhat further, effect the two 
operations side by side, and compare their I'esults. The 
pictures do not always entirely harmonise, the etching usually 
giving more detail and sharper outlines. 

The etched plates must be immediately washed in a large 
volume of water, then in alcohol, and dried on filter paper. 
The best way to complete the drying without risk of oxida- 
tion is by means of a current of air discharged under pressure. 
If, as often happens, the picture be dimmed by a film of 
carbon produced during etching, it is dried by applying soft 
linen cloths. 

Albert Sauveur adopts the following method of etching : 
— The specimen, properly ground and fixed in position, is 
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placed in concentrated nitric acid (ep. gr. 1'42), which, in 
consequence of the resulting paBsivity of the iron, exerts little 
or no action on the polished surface. The specimen is then 
placed under a strong current of running water, and the acid 
washed otf completely with care. Immediately the layer of 
concentrated acid in contact with the surface is diluted by the 
water, it attacks the steel ; at first the action is very power- 
ful, but, as the water soon removes all trace of the acid, the 
reaction lasts such a short time that all risk of over-etching 
is precluded. This method of treatment develops the etching 
sharp and clear, and the etching is uniform over the entire sur- 
face, without any formation of disturbing coloured films or 
inequalities in the appearance of different parts of the polished 
surface, such as produce deceptive results when dilute acid is 
used. Oftentimes it is necessary to repeat the etching in 
order to render the development of the structure more clearly 
defined, but more than a second immersion is seldom required. 
The specimen is then washed with alcohol, and quickly dried 
with a soft cloth, or, preferably, in front of the jet of a blower, 
when the latter is available. 

An excellent method of etching with iodine tincture has 
been given by Osmond,^ and furnishes very good resulta It 
consists in pouring over the surface of the specimen one or 
two drops of iodine tincture (one drop per sq. cm,), and leav- 
ing the same to act until it loses its colour. The surface is 
then washed with alcohol, and dried quickly with a soft cloth 
or in front of a hlower. Sauveur prefers iodine tincture 
diluted with an equal volume of alcohol. Frequently this 
operation must be performed twice, or even more, in order to 
obtain a satisfactory etching. This treatment with iodine 
tincture is particularly advisable when it is desired to bring 
out the finest details of the structure (as in the case of the 

' " H^thode g^B^rale pour I'analyaD nucrogrAphique des aciera au carbon," 
Bull, Soe. Enemiragement, Maj 1896. 
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tender scales of pearlite), whilst for examinations wibh low 
powers the nitric acid method is more effectiva 

Osmond has also given another special method of etching, 
which consists of a combination of the operations of polishing 
and etching, the metal being polished with Vienna lime 
(gypsum) and liquorice extract, on a backing of parchment. 
F. Osmond and G. Cartaud ^ recently recommended, for etch 
polishii^, the use of a solution of two parts of crystallised 
ammonium nitrate in 100 parts of water. The parchment, 
stretched over a block of wood, is soaked with this solution, 
and the polished surface of the specimen is ground therewith 
nntil sufficiently etched. Should the parchment became dry, it 
may be moistened with a little water. The effect is just the 
same as that of liquorice extract 

As we shall see later on, the typical structure and the 
nature of the micrographic constituents of steel vary with the 
temperature. It therefore seemed of interest to also perform 
the etching process at higher temj.ierB.tu res, for which purpose 
Saniter employs fused calcium chloride as the etching fluid, 

A second method for rendering the several constituents 
of a metal clearly visible consists in producing on the surface 
of the metal a (irmly adherent patina, which, though too thin 
to possess any colour of its own, nevertheless exhibits, hy 
reflected light, colorations that vary according to the thick- 
ness of the layer. As these colorations do not show up at all 
on non-oxidisable metals, and not concurrently on metals of 
different degrees of oxidisability, this method of investigation 
is frequently employed. It furnished Martens with the 
beautiful figures on spiegeleisen that illustrate his first report * 
and form one of the first successes of metallography. 

The metal in question consisted of two components, a carbide 
of the definite composition (FeMn)3C, and a solution of carbon 
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(or carbide) in the remainder of the alloy. The oxidiaability 
of the carbide is relatively small, and exposure to a certain 
temperature for a given time produces, for example, a yellow 
coloration, whereas the remainder of the alloy has already 
attained the blue condition. The colour shades obtained in 
this way have the great advantage of not disappearing under 
a high magnifying power. Considerable use has been made 
of these colorations, which are specially valuable in the in- 
vestigation of alloys of copper, by Wedding,^ Behrens,* and 
Guillemin.^ 

Wedding states that the colorations should not he pushed 
beyond the brown yellow of the first series.* 

' Jctwni. Iron and Steel Inst., 1885, p. 187. 

^ MikroakopUches Oefilge der MelalU wad LegieTungen. 

' CommisfioJi des mitltodes d'eaeai dea inatiriainc de. conatrwiiov,, I. Serie ; 
Bapports, vol. ii, p. 19. 

* The serial order of these colorations — arranged in order of increasing thick- 
ness — ia as follows : — 



Series. 


colour in Reflected Light. 


Seriea. 


Colour in Reflected LIgbt. 




Black. 




Purple. 
Violet. 




Dark lavender gi'ej. 






Pale lavender grej. 




Blue. 




Ver» pale lavender grey. 
Blnish white. 


III. 


Sea green. 


I. 


Greenish white. 




Pale yellow green. 




Yellowish whit*. 




Fawn yeUow. 




Pale straw yellow. 




Bed. 




Brownish yellow. 












Ked. 




Purple, then dull puiTile. 






IV. 


Greyish blue. 
Sea green. 








Purple. 
Viofet. 




Green and greyish green. 
Greyish red, red, dull red. 




Indigo. 
Sky blue. 
P^e sky blue. 










II, 




Bluish green, dull initially 


Very pale bluish green. 


V. 


and finally. 




Pale^een. 




Flesh tint, dull initially 




Yellow green. 




and finally. 




Yellow. 
Pale orange. 












Red. 


VI. 


Bluish green, initially dull. 
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This is correct for iron poor in carbon ; but, according to 
Behrens, one may go further in the ease of white iron, and 
still further in the case of ferrochrome, for which last reddiBh 
violet of the second series is preferable. In iron and steel 
there are also basic salts that come into play, the formation 
of which is difficult to avoid when very dilute acida are used. 
They colour rapidly, but comparatively dull. The worst case 
that can happen is when a film of this kind becomes broken 
into a iine network in drying, which network afterwards 
shows up with remarkable contrasts of colour. Air-bubble 
pittings, enclosed particles of slag, and imperfectly closed 
weldings, stubbornly retain small quantities of iron salts, 
which come out on to the surface in drying, and give rise, 
during the coloration, to highly complex figures, which can 
the more readily be referred to peculiarities of structure, 
inasmuch as they appear in the vicinity of defective places. 

Annealing pushed very far may have the effect of an 
etching. If steel be heated to incipient redness, and then 
quenched in water, there will appear, in the places where the 
oxide skin has become detached, figures closely resembling 
those produced by etching. These " fire figures " are almost 
always to be found on hardened steel, being shown up by fine 
grinding and polishing, and are attributed to differences of 
hardness, which, however, seems at anyrate doubtful from 
what has been stated above. 

Another means of differentiating and characterising the 
various micrographical constituents is afforded by the deter- 
mination of the degree of hardness. A preliminary estimate 
of this quality can be formed from relief grinding : for more 
precise testing, Beiu'ens employs sharp-pointed needles of 
different degrees of hardness, which are stuck into the 
specimen and pushed forwards like a graver. If the needle 
be softer than the specimen under examination, it slips over 
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the Burface, and the point is duller and turned on the appli- 
cation of greater force ; whereas, if the needle be harder than 
the specimen, it ploughs its way through the metal. For 
this purpose Behrens makes use, inter alia, of the following 
materials, the hardness of which, on Moh's scale, is appended 
to each : — Lead, H = 1 ; tin, H = 1'7 ; ferruginous tin, H = 2 ; 
hard lead, H=l-5-2-2; zinc, H = 2-5 ; copper, H = 3; 
brass wire, H = 31; gunmetal, H = 3-3 ; bronze with 12 
per cent, of tin, H = 3'5 ; bronze, with 18 per cent, of tin, 
H = 37 ; iron wire, H = 3-7-3-9 ; sewing needles, H = 5- 
5'5 ; similar needles heated till coloured yellow in the 
third series, H = 4 ; if heated to blue of the second series, 
H = 5 ; steel for metal drills heated to yellow of the second 
series, H = 6 ; chrome steel, H = 6-2-65 ; ferrochrome, 
50 per cent., H = 7-7'3. In the case of bronzes. Martens 
succeeded in measuring the hardness of the various portions 
of the structure by means of the sclerometer. 

Kesistance to scratching chiefly depends, as Osmond 
observes, not only on the nature of the substance, but also on 
its absolute dimensions. A glass plate, when sufficiently thin, 
can be cut with the finger nail, even if not scratched thereby. 

For testing the weakest place of a ground microscopical 
preparation. Stead proposes to subject it to flexion, either by 
continued pressure or by a blow. The simplest way to per- 
form this test is to lay the specimen, polished side down- 
wards, on a block of steel, provided with V-shaped grooves, 
over which latter some force is apphed to the preparation. 
Should the piece sustain fracture, which is frequently the 
case, this does not prevent the examination of the weakest 
portion under the microscope. All that is necessary is to 
place the two broken pieces side by side on a glass slide, and 
bring the latter under the instrument. The value of this 
method can be seen from Figs. 31 and 32, Plate III. 
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Fig. 31 showa a piece of wrought iron which was bent 
in a direction parallel to that of the rolling, and demonstratee 
that the weakest place coincides with the position of enclosed 
particles of slag. Fig. 32, on the other hand, shows that the 
line of fracture in cement steel runs parallel to the deposition 
of iron carbide. 

Further assistance of an important character is afforded, 
in the microscopical examination of polished sections of metal, 
by chemical analysis, of which only one branch need be 
mentioned here, namely, the method of fractional analysis 
employed with gi'eat advantage by Behrens. This is suitable 
for application in all cases where a relief exceeding O'l mm. 
in depth can be produced ; and is of particular importance in 
connection with the alloys of iron, where the form, coloration, 
differences of hardness, and behaviour towards solvents, prove 
insufficient to detect the numerous admixtures with accuracy. 

According to Behrens, the ground sections subjected to 
fractional analysis must be perfectly even, though careful fine 
grinding and polishing are unnecessary. 

In the case of white iron, ferromanganese, ferrotungsten, etc., 
the etching is commenced with strong hydrochloric acid con- 
taining an admixture of about 5 per cent, of nitric acid. When 
an evolution of hydrogen occurs, the etching liquid is removed 
by means of a glass tube, drawn out in the form of a pipette, 
and is heated in a basin or porcelain crucible with a little nitric 
acid until oxidation is complete, after which it is applied 
again, a little hydrochloric acid being added if necessary. ' 
This treatment having been repeated two or three times, the 
solution is set aside in a capillary tube for examination later 
on, the metal is rinsed, wiped with a filter paper followed by a 
clean rag, and examined under a low power (30- to 40-fold 
magn.). If the projeotii^ portions are bright, the surface is 
treated with hydrochloric acid containing 8 to 1 per cent. 
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of nitric acid, the same procedure being adopted aa in the 
first etching ; and the treatment is continued until these 
portions are attacked, the last solution being then dlBcarded. 
Wiiite iron wQl stand two etchings, sometimes three, the 
operation taking about an hour. Ferrochrome will stand 
more than 20 per cent, of nitric acid, and can be etched 
to a depth of 15 mm. 

The next task is to obtain reliable samples of the project- 
ing parts of the etched section, which is accomplished by 
attrition on perfectly even, dull-ground surfaces, agate being 
used in the case of hard iron alloys. The etched section is 
cleaned by brushing it under water containing a few drops of 
acid, followed by water alone, the preparation being then 
ground — either dry or with a single drop of water — on i^ate 
until the latter exhibits a film of metallic powder. This 
powder is finally rendered accessible to examination (generally 
microchemical) by the aid of suitable solvents. 

So far as microscopical examination is concerned, low 
powers (50- to 100-fold magn.) are sufficient in many cases, 
though powers up to 200 or 300 are not infrequently 
employed ; and in some instances, where the elucidation of 
very fine details is in question, recourse must be had to 
powers as high as 1000-fold, or even greater. For low 
powers ordinary daylight will afford sufficient illumination, 
provided the object be held in a sloping position, unless 
deeply etched or exhibiting high relief. For higher powers, 
recourse must be had to special illuminating devices, of which 
■ there are several types available. 

As regards the choice of a microscope, it is best to select, 
one made by a firm of repute, such as Zeiss of Jena, Eeichert 
of Vienna, and others. 

Wedding, Osmond, and Giiillemin photograph the micro- 
scopical picture, whereas Martens and Behrens prefer to draw 
it with the aid of a prism. 
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CHAPTER II 

MICROSTRUCTURE 

The microscopical examination of even simple metals exhibits 
a particular structure instead of a uniform surface (see the 
example given in Fig. 33 of Plate IV., which represents 
silver magnified 20 diameters). The metal exhibits a cubical 
structure, consisting in turn of a number of cubes in regular 
juxtaposition. This structure owes its origin to the crystal- 
lisation that usually starts from the surface of the solidifying 
metal or the walls of the mould in which it is cast. In this 
case the' iirst crystals are generally arranged along straight 
lines, nearly at right angles to the cooling surface, and from 
these crystals of the first order branch crystals of the second 
order at right angles thereto. 

In some cases, especially copper and the silver alloys rich 
in copper, crystallisation seems to occur at certain centres 
within the mass, before beginning at the surface. In such 
event, the interior of the mass exhibits radial lines of crystals 
interrupting the regular crystalline structure, and separated 
therefrom by a confused layer of finely crystalline metal. 

The individual morphological elements of the metallic 
structure are usually termed crystals, though Stead calls them 
" grains," and definitely distinguishes them from crystals. 
On this point he expresses himself as follows : '^ 

Grains and crystals must not be confounded together, 
though the former are built up of the latter. The grains 
' Joum. Iron mid SUel Iiat., 1898, i. p. 183. 



.coy Google 



96 SIDEROLOGY: THE SCIENCE OF IRON 

i-esulting from the aolidifieation of liquid metal are large or 
small, according as the cooling proceeds slowly or quickly ; 
their shape is influenced by the adjoining grains formed at the 
same time. 

Osmond also says of these grains that they are not of true 
crystalline structure, since they do not exhibit any true contour 
surfaces, nor are they of any regular geometrical form. They 
are, however, not homogeneous, since their attrition when 
polished on parchment is not uniform, nor are they uniformly 
attacked by etching reagents. The cause of this difTerence 
resides, partially at least, in the crystalline arrangement of 
the structure, which changes from grain to grain though 
remaining uniform throughout the full extent of one and the 
same grain, as a deeper etching will reveal. Thus, if we have 
a metal crystallised in cubes, it will be found that the grains 
which are cut in a direction parallel to two axes will exhibit 
small regularly stratified cubes, whereas the grains in which 
the cut runs parallel to a single axis will have a flaky struc- 
ture, and those that have been cut parallel to no axis at all 
will reveal merely an indefinite structure. 

Consequently we have a double system of surfaces of 
minimum cohesion. The one is due to the shaly structure 
of the interior of the grains ; the other to the mutual limi- 
tations of diff'erently oriented, superimposed grains. The 
structure of the metals is therefore dependent on the extent 
to which the individual crystals are restricted or not during 
their development. In the former event the metal wUl eoneiet 
of grains, m the latter of crystals, and a distinction may there- 
fore be drawn between different species of structure. 

According to H. Behrens, cast metals frequently exhibit a 
reticulated or a scaly structure, these modifications resulting 
from the juxtaposition of fairly similar octahedra, cubes, and 
cuboid rhombohedra. In places the uniform texture is inter- 
rupted by radio-sphierolithic concretions. 
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By rolliug, tlie reticulated structure is first changed into 
the form of scales, and afterwards, by extension in two direc- 
tions, into ahaly structure. Etched sections exhibit zigzag 
lines in the formev ease and wavy lines in the latter. 
Drawing produces fibrous structure, indicated by fine parallel 
lines disappearing at intervals. If the metal have been 
extended partly by forging and partly by rolling or drawing, 
a wavy-fibrous structure will be developed. Forging, without 
any other treatment, may lead to a confused fibrous, felted 
structure. The protracted working of metal free from slagi 
whether by rolling or hammering, accompanied by frequent 
re-heating, will finally give a fine-grained structure, without 
any definite contours of the crystals or predominant directiori 
of the sutures. 

The influence of temperature on the structure produced 
by working the metal will be dealt with later on, ' ' 

' If the metal be impure^the intimate- juxtaposition oi its 
crystals may be hindered by. included matters! Oxidea acid 
sulphides may be dissolved by the liquid metal at h^h 
temperatures, and then suffer deposition during the process of 
crystallisation. This deposition occurs, either in the form of 
small diffused particlbs" disseminated throughout the ihasS 
of microscopic crystals, in which' event inclusioiis are formed 
within the finished groups of crystals ; or in the form of 
films or thin plates on the boundary surfaces of lai^e crystals 
or crystalline a^regations. Thus, according to Behrehs,' 
cuprous oxide is found deposited in copper, oftetktim^s iii far 
from insignificant quantities; and occasionally silver' Sulphide 
in silver, without beir^ visible on polished or on cast^Suriaeea, 
though revealed, as fine brown lines, arranged in r^ufar order, 
on etched surfaces. A similar behaviour may also be exhibited 
by metallic alloys. In the case of an alloy of 80 per cent. 
copper and 20 per cent, lead, an almost entirely lead-free 
copper will crystallise out, and lead containing orily a very 
7 
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Bmall proportion of copper will be found, in an almoBt amor- 
phouB state, deposited between tbe crystals ; the same thing 
occurs with zinc and lead. On the other hand, a different 
behaviour is noticeable in alloys composed of copper and tin, 
or copper and zinc. Here the copper retains a considerable 
quantity of the more fusible metal, and forms therewith well- 
developed yellow crystals, between which is found a badly 
crystallised, or apparently amorphous, alloy, containing a far 
higher proportion of tin or zinc. This behaviour is analogous 
to that of water in presence of salts capable of absorbing 
water of crystallisation. Thus a hot solution of sodium 
sulphate will deposit, during cooling, crystals of the com- 
position NajSOj-f- lOHjO (i.e. with 48'2 per cent, of sodiiun 
sulphate and 55'8 per cent, of water), leaving behind between 
the crystals a Kquid which, at 18° C, consists of 22 per cent, 
of sodium sulphate and 78 per cent, of water. 

The well - developed crystals represent the deposited 
matters, the badly developed crystalline maze, the mother 
liquor or the eutectic mixture. Moreover, eutectic mixtures 
are frequently characterised by a foliated structure, in that 
they consist of alternated ilakes of the two components of the 
solution (see Fig. 34, Plate III., which represents an alloy 
of 72 per cent, silver and 28 per cent, copper). 

The foregoing explains the divergent structure of alloys. 
Among this class of bodies the reticulated structure is of 
frequent occurrence, the sparingly represented intermediate 
matter appearing in tbe form of threads of a loose irregular 
net As the amount of intermediate substance increases, the 
edges assume a washed - out appearance, the parts they 
surround being rounded off; paving-stone structure {white 
iron). If this be very fine in grain, we have granular 
structure (grey iron). Concretionary structure is also fre- 
quent ; radial a^Iomerations, also regular growths of micro- 
Uths in a micro-crystalline, more or less granular matrix. 
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When this structure is further developed we have a micro- 
lithie felt (radial white iron). Stalky and fibrous structure 
may he mentioned as special peculiarities of certain alloys, 
and indicates prismatic crystals belonging to the rhombic or 
monoclinic system. It may occur with dendritic branchings 
in an abundant, granular-crystalline intermediate mass (crude 
cement steel, 20 per cent, ferrochrome), or without branchii^, 
the intermediate substance being sparse (high grade ferro- 
chrome, ferromanganese, and ferro-aluminium). 
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CHAPTER III 

THE MICEOGRAPHIC CONSTITUENTS OF IRON 

As we have seen, the alioja in general are not homogeneous 
substances, but for the most part constitute a mixture of 
various microscopic constituents. Of course this applies 
equally to the alloys of iron. 

If, at first, we leave all extraneous admixtures out of 
consideration and merely take the pure iron and carbon, 
the following formations can be distinguished under the 
microscope : — 
(a) Cavities — 

(a) with smooth surface, and containing hydrogen 

and carbon non-oxide . . . Gas bubbles. 

O) with rough surface, and either empty or filled 

with air Irr^ular cavities. 

(6) Slag inclusions. 

(e) Graphite (and tempering carbon). 

(d) Ferrite. 

(e) Cementite. 
(/) Martensite. 
(g) Austenite. 
(h) Pearlite. 
(i) Sorbite. 
(h) Troostite. 

(aa) Bubbles. — The literature on the formation of bubbles 
is fairly copious. The most important paper, for the purpose 
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now in view, was compiled by Martens,^ and from this the 
drawings now reproduced have been taken. 

The chief peculiarities of these bubbles, their peat-like to 
venniform shape, flat base, step-like structure, situation in the 
block, and the direction of their principal axes, are readily 
visible in Fig 35, Plate IV. The lai^e bubble in the centre is 
shown on a more highly nu^nifled scale in Fig. 36, Plate IV., 
for the purpose of better indicating the striation at the bottom. 
The bottom of a bubble in a block (pig) of ingot iron is repre- 
sented in Fig. 37, Plate IV., magnified 10-fold. This reveals 
the furrows on the walls, and shows them to be interspersed 
with numerous knobs and protuberances, the form of which 
becomes more clearly defined when higher powers are used. 

The origin ot bubbles may be imagined as occurring in the 
following manner : — In any event the steel must, at the time 
the bubbles are formed, be in such a pasty or viscid condition 
as to preclude their escape to the surface. It may be assumed 
that the bubbles must undergo shrinkage when the block 
cools down further in the viscid and still plastic condition, 
and the bubble receives no further supply of gas. It is not 
impossible that the furrows in the bubble result from such 
contraction, and represent the folding on the surface of the 
bubble. Up to a certain time, adjacent bubbles will be able 
to draw closer together, those moving the more easily attach- 
ing themselves to the more sluggish ones — which explains the 
inward growth of the bubbles situated near the edge, also 
their step-hke structure, their vermiform shape ; which latter 
is often changed into that of a pear with its flattened base 
towards the centre of the block, when the cooling and forma- 
tion of bubbles proceed at a rapid rate. The bottom remains 
plastic longer than the rest, and is pressed iiiwania, in con- 
sequence of diminished gas pressure, when the bubble shrinks. 
The foregoing sketch illustrates the broad lines of the 
' Sldhl und Eiacn, 1887, No. 4. 
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process, but there are smaller details, which can also be 
traced from the microscopical examination of the finished 
bubble. Thus the supply of gases, in the form of very small 
bubbles, has undoubtedly continued up to the very last,' since 
the surface of the bubble walls and the aforesaid protuber- 
ances is generally found to be covered with innumerable 
dotted granules and pittings, which, under favourable circum- 
stances, good illumination, and high powers, are revealed as 
globular bodies, interspersed with pitted depressions, and 
as depressions with a central protuberance. The pits are 
often surrounded by a swollen annular rim. In fact we are 
here in presence of phenomena often found on a lai^r scale 
in the crystal cavities of spiegeleisen (Fig. 38, Plate IV.). An 
examination of the details shown in Fig. 38 will make it 
clear that the formation of bubbles is there in question, some 
of them still in a perfect condition, whilst others have suffered 
rupture and subsidence just before the solidification of the 
mas& The latter are undoubtedly older in formation than 
the former. Whilst some of the rounded protuberances are 
due to the formation of hubbies, they may also owe their 
origin to another cause, as we shall very soon see. The 
occurrence of bubble formation can only he regarded as proved 
when at least two of the above-mentioned sb^es, in point of 
age, are discovered existing side hy side, which is usually not 
a difficult task. 

However, the origin of the other multifarious formations 
at the bottom of these bubbles cannot be ascribed to the pro- 
duction of the bubbles themselves, except in a minor degree. 
True, a small bubble bursting with some force into the larger 
space at the last moment may throw up thickened edges or 
project the substance of the wall, which then solidifies in the 
peculiar shape thus produced ; but the greater probability is 

■Dr. F. C. O. Miiller, " Untersncliungen iiber den Gasgehalt von Eissn 
imd SUhl " (Stahl mid Eiun, 1S83, 1884). 
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tbat the adjacent particles which give rise to the structure 
of the steel sohdify at different rates in the cooling process, 
that slight alterations in volume on the part of these various 
alloys in cooling set up tensions, which finally press the still 
plastic parts of the mass, in the form of rays of a greater 
or Bmaller degree of fineness, between the already solidified 
portions of the walls of the bubble. In the course of their 
exudation the plastic masses undergo all manner of diatortione 
and modifications, as may be shown with plastic clay forced 
through a sieve cjontaining openings of different shapes. That 
the exuding mass still retains a certain capacity — perhaps due 
to the pressure of imprisoned gases — to distend, or contract 
into a rounded form, and even to crystalhse, can be readily 
admitted, in view of the divers shapes assumed, which vary 
from excrescences of the fineness of a hair (sometimes swelling 
up into decidedly globular masses in places) to indubitable 
depositions of dendritic crystals (pine-tree crystals). These 
deposited crystalline aggregations, however, are less frequently 
found within the cavity of the bubble than on the surface of 
the walls. 

The formation of bubbles of the kind mentioned above 
has also been r^arded as a proof that here occur, on the 
crystal surfaces of scorched steel (Fig 39, Plate IV.), processes 
that are attended with hberations of gas within the mass : 
this question, however, requires thorough investigation. 

(aff) The second class of cavities is produced through the 
contraction of the mass during solidification and cooling, the 
iniluence of which is naturally most apparent in the places 
where the metal remained longest fluid. They are recognis- 
able by their rough surfaca The dimensions of these cavities 
increase with the contraction of the metal, the difference 
between the casting temperature and fusing point, and with 
the volume of the casting. 

The interior of these cavities may naturally exhibit a very 
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aimilar state of things to that prevailing inside the gas 
bubbles ; most frequently, however, they are found to contain 
crystalline formations like those shown in Fig. 40, Plate IV. 
The octahedral form of crystal will be clearly recognised. 
Of course in rolled steel it is impossible to detect even 
residual traces of the same. These dendritic crystals, as 
shown in F^. 40, Plate IV., often attain considerable size ; the 
one illustrated in the figure was found in a cavity in an 
ingot of mild Martin steel. 

Sometimes the apices of the crystals have undergone 
modification into a globular form that might easily be con- 
founded with the hemispherical bubbles already mentioned, 
though really of a different nature (Fig. 42, Plate IV.). Their 
true character can only be determined by the aid of good 
sections of these globules, sufficiently lai^ specimens of 
which', however, are obtainable only with diificulty: 

A noteworthy and somewhat rare occurrence of crystals 
has been described by H. Martens ^ (Fig. 43, Plate IV.). The 
diameter, however, was only 0^02 mm.) and therefore the 
chemical composition could not be determined. 

(i) Slag. — What are generally spoken of as slag inclusions 
may be of highly divei-gent nature. Apart from accidental 
inclusions, such as particles from the material of the mould, 
etc., there may also be present, in addition to actual sli^ 
inclusions, depositions of oxides and sulphides (principally 
FeO, MnO, FeS, and MnS). 

According to Osmond, Fig. 44, Plate IV. represents a slag 
inclusion in simply polished steel According to Arnold, 
similar inclusions may also consist of iron sulphide. The 
occurrence of oxides and sulphides was mentioned in the pre- 
ceding chapter. 

Mention is here necessary that great care must be exer- 
' Zeits. d. Ver. detUsther higsii-., xii. 
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eised in pronouncing an opinion on cavities. First as regards 
their shape, it may, for example, happen that a al^ inclusion 
intersected in a direction transverse to its longitudinal exten- 
sion, exhibits rounded structures similar to bubble cavities. 
A. Martens, who has thorov^hly described these phenomena,^ 
says of them : Cavities of this kind may also be formed aa 
the result of etching an easily corroded substance, as well as 
produced by artiUcial means. The former eventuality may 
arise, for instance, when Thomaa slag has been rolled out into 
veins, which, being filled with resistant material, more or less 
retain their original section ; when etched, the contents are 
quickly corroded, and a depression (pore) is the result. The 
second case may occur when a hole, punched out as it were 
by the grinding material, is not at once eradicated in 
polishing, and especially when a grain is subsequently 
deposited and rolled about in the said hole for some tim& 
This may produce a circular depression, with fiat bottom and 
nearly vertical side walls, which, under superficial observa- 
tion, may be taken for a " pore." 

There are also cavities that have been produced owing to 
the dropping out of originally present structural components 
(fi.g. fragments of graphite) during the operations of grinding 
and polishing; the nature of these, however, can generally 
be easily recognised from their characteristic form. 

(c) Graphite reveals itself in the form of dark flakes, 
which appear in section as straight or crooked lines. These 
flakes often fall out during grinding, in which event so-called 
".graphite cracks" are found during the microscopic examina- 
-tion (Fig. 45, Plate V.). Graphite flakes may attain a 
length and breadth of several millimetres, with a thickness of 
.^O-lOO /i. More rarely pulverulent graphite is met with, 
and even this may consist of very minute flakes. 

According to Martens, Figs. 46 and 47, Plate VI. show 
' Stahl UJid Siseii, 18B2, No. S. 
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the appearance of graphite flakes as exhibited on the surface 
of grey pig iroo. 

On polished surfaces graphite is chieily found in cross- 
sefltion through the flakes. In the ease of large flakes these 
sections are mostly crooked. In grinding, it frequently 
happens that the graphite flakes are rubbed out, leaving only 
the fissures (" graphite cracks ") behind. 

Eehrens has described the following peculiar phenomena, 
and referred them to depositions of graphite. The ground 
surface of grey iron occasionally exhibits thin flakes as sharp, 
lustrous projecting ribs, as well as lustrous dote of similar 
appearance. Both these are very frequently seen on etched 
sections (Fig. 48, Plate VI.), where the ribs and dots stand 
out from a dull ground of grooves and pita. The first 
inclination is to think of admixtures of hard ferrosilicon or 
iron phosphide, and to aacribe thereto the projection and 
glitter of these objects. Lowmoor grey iron may be cited as 
a good example of large projecting flakes ; and accumulations 
of graphite scales are also frequently met with in fine-grained 
cupola iron. On etched sections they appear as warts, lying 
in small shallow pits ; and on polished sections they may also 
take the form of warty projections. Teste for hardness 
performed under the microscope, however, show that the 
glittenng dots in these accumulations and the protruding ribs 
on coarse-grained grey iron are far too soft to be ferrosilicon 
or iron phosphide, the hardness being generally less than 2 
and never attaining 4, the hardness of Iron itself. Conse- 
quently almost the only assumption open is that the low 
friability of the graphite has enabled it to withstand grinding 
better than the granular iron. 

Tempering carbon (see following Book) affords little 
variety under the microscope ; it is amorphous, whereas 
graphite, as is well known, crystalHses according to the 
hexagonal system. 
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(d) Ferrite. — This substance was named by Howe, and is 
pure, or nearly pure — at anyrate carbon-tree — iron. Eelief 
grinding gives if a dull polish; when subjected to prolonged 
polishing, especially when finished with gypsum and water, 
it granulates at a rate and depth inversely proportional to the 
thiokneee of the ferrite. When present in lai^er masses it 
sets together in the form of polyhedral granules. Each 
polishing produces the same phenomena more speedily ; in 
this case the ferrite does not assume more than a faint 
yellowish coloration, if at all. 

Etching with iodine solution leads to the same results, 
and etching with nitric acid also brings the grains up into 
prominence, either coloured or not, according to circum- 
stances. On this point Osmond gives the following informa- 
tion : — Extra mild steel etched with dilute nitric acid (2 
vols, of 36° B. acid and 990 vols, of water) for half an hour 
exhibits a few grains stained yellow or brown — the colora- 
tion probably resulting from a thin layer of oxides or basic 
salts ; others are roughened, whilst others remain unaltered. 
The brown coating adheres on drying. 2 vols, of nitric acid 
per 100 vols, of water will produce all imaginable shades in 
transition, but the coloration is destroyed by wiping. 20 
vols, of nitric acid per 100 vols, of water reveal the granular 
structure, but no coloration remains after wiping. 

More particular information about the structure of these 
ferrite granules has been afforded by the researches of Stead. 
Thus deeper etching, or the use of special etching reagents, 
such as copper-ammonium chloride (1 : 12 to 1 : 30), produces 
on the surface of the ferrite granules uniformly arranged 
" etched figures " (such as are visible on all crystalline bodies 
when suitably etched), which, when highly magnified, assume 
the appearance of imprints made by a minute cube in various 
positions on a soft substratum. The shape and position of 
the etched figuring are the same in various parts of the same 
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granule, ie. on uniformly crystalline surfaces, but differ in 
udjoining granules. This peculiarity affords a scientific basis 
for determining the number and dimensions of the individual 
ferrite granules, even in difficult cases. Low powers of 
magnification are insufficient to show up the adjacent indi- 
vidual etched figures; on the contrary, the separate ferrite 
granules appear partly light, partly yellow to dark brown, in 
colour, and oftentimes even black. The cause of this optical 
behaviour can be gathered from Fig. 49, Plate VII., which 
represents various diagrammatic sections of ferrite granules. 
Each consists of a uniformly stratified ^gregation of cubes, 
the faces of which are inclined at various angles towards the 
surface of the section. ' Such of them as are neatly parallel to 
this surface reflect the rays of light into the tube of the 
microscope, and therefore appear light in colour ; whereas in 
other instances the rays of light are more or less disperaed, 
and the ferrite granules then have a correspondingly darker 
appearance. 

Stead found that the presence of phosphorus, aluminium, 
and especially silicon (in lai^e quantities) produces a very 
well-defined development of the cubical elementary crystals of 
these ferrite granules, 

A few other observations of this worker, in respect of 
ferrite granules, may be referred to in this place. He found 
that, in the case of iron and steel nearly free from carbon, 
prolonged heating to 600—750° C. (dull red heat) gave rise to 
an extremely coarse-grained structure, which, however, on the 
heat being increased to 900° C. and over, passed over into the 
normal fineness of grain. 

This phenomenon does not appear in the case of steel with 
more than 0-2 per cent, of carbon ; so that a wide difference 
exists between steels respectively rich and poor in carbon. 

According to Stead, the crystalline axes of the adjacent 
granules, which are placed at highly divergent mutual angles. 
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change their position, during the interval of temperature in 
question, until their direction coincides ; whilst at the same 
time the lines of demarcation between the granules disappear, 
thus giving rise to lai^r granules. 

Thus it follows that, in the case of iron with less than O^l 
per cent, of carbon, prolonged heating at dull redness is 
inadvisable, though this was formerly regarded as quite 
innocuous. This behaviour explains the hrittlenesa and coarse 
fracture sometimes exhibited by very mild steel, and for 
which chemical analysis has hitherto failed to detect any 
cause. When the orientation of the individual crystals is 
throi^hout the same, or nearly so, a condition the metal tends 
to attain when subjected to prolonged beating at the tempera- 
ture in question, the metal becomes brittle. It then exhibits 
three directions of low resistance (lines of fracture), which are 
parallel to the faces of the cubes, and therefore at right 
angles to each other. If the final product be sheet iron, this, 
on sustaining a blow, will easily break aloi^ two mutually 
perpendicular directions. The lines of fracture do not follow 
the lines of contact of the granules, but pass through the 
granules and follow the cleavt^e surfaces of the crystals, 
which, bemg all in the same direction, offer no opposition to 
the further extension of the fracture. 

If, on the other hand, the individual crystals of the 
adjacent granules are of different orientation, then the metal, 
though coarsely crystalline, does not become brittle, and it 
may therefore happen that a coarse-grained piece of iron will 
be less brittle than one of finer grain, though under uniform 
conditions as regards the orientation of the crystals the latter 
would be the tougher material. 

It is particularly worthy of note that, in the above- 
mentioned case of brittleness of mild steel, the fracture invari- 
ably ensues at an angle of 45 degrees to the direction of rolling, 
and the microscope shows that the orientation of the crystals 
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in metal that has become brittle through heatii^ to redness 
is the same. Stead says : " Such material caD be beat 
through an angle of 180 degrees and hammered together, pro- 
vided the line of flexion be parallel or pei-pendicular to the 
direction of rolling, but will break with ease when the bend- 
ing is made at an angle of 45 degrees to the direction of 
rolling " (i.€. along the hnee of fracture). 

He alBo says : " This leads to the conclusion that, just as 
l^ht produces a latent invisible picture on the photographic 
plate, so also the act of rolling steel sets up a latent disposi- 
tion to crystallise in definite directions, which tendency is 
developed by beating to redness." (This probably has some 
connection with the breakii^-strain theory of Eetjo.) 

Stead distinguishes between " intracrystalline " brittleness 
(between the cubical crystals, or along the surfaces of 
cleavage) and " intragranular " fracture between the crystalline 
granules. They might also be termed " cleavage fracture " 
and " granular fracture." 

Intragranular fracture follows no definite lines of direc- 
tion, and is found in a typical form in cast iron. According 
to Stead, it is the result of a hard membrane or extraneous 
masses enveloping the granules ; or of imperfect cohesion 
between the granules, the causes of which have not been 
clearly ascertained. 

Althoi^h thousands of samples have been examined, no 
single instance is known of intracrystalline fracture in sheet 
iron that has not been heated to redness after rolling. The 
coarse-grained structure appearing after prolonged beating to 
dull redness is invariably destroyed by heating to 900° C. ; 
the metal then becomes exceedingly tough. 

According to Stead, the columnar structure of ferrite, 
constituted by columnar forms of iron directed from the 
surface of a bar towards the interior, can probably only occur 
in the case, of steel in which the carbon present at the. surface 
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has been removed by oxidising agents at a temperature lower 
that 850° C, and under no other circumBtances. 

On being heated to 900° C, followed hy rapid cooling, 
this form is converted into the normal equiaxial modification, 
and no method of re-transforming it into the columnar form 
by heat has yet been discovered. 

According to Behrena, the hardnesB of ferrite lies between 
3'5 and 37 of Moh's scale. 

Mention should also be made of the circumstance that 
Saniter, in etching nearly carbon-free iron at red heat (by 
immersion in fused calcium chloride), obtained indications 
that, at high temperatures, no right angles exist in the 
crystals of iron, and that therefore, under these circumstances, 
ferrite does not crystallise in cubes. This would argue the 
occurrence of dimorphism in iron, and consequently the 
presence of allotropic modifications of the metal. 

(e) Cementite (according to Howe) is the hardest con- 
stituent of carbon steel (H = 6). H, Eehrens gives the hard- 
ness as between 5 and 7, which Osmond explains by the 
assumption that the lower degree of hardness is produced by 
a finer state of division of the carbide, whereas the figures in 
excess of 6 refer to chromiferous cementite (chrome steel), 
and therefore to a substance of entirely different composition. 
The fluctuations in the hardness of cementite may also be 
ascribed to differences in composition (polymerisation), which 
subject will be thoroughly discuBsed in the next section. By 
reason of this great hardness, cementite can be rendered 
visible by simple relief polishing with emery paper, in which 
case it constitutes the portions in relief. Of course it is 
essential to this end that the cementite should not be so 
finely distributed throughout the softer matrix as to be 
beyond the power of definition of the microscope, since in 
such event chemical methods alone will be capable of reveal- 
ing its presence. 
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Cementite is especially well developed in cement steel, 
from which it takes its name. In this material it forms both 
isolated groups of lai^e, straight, juxtaposed lamellffi, and 
similar groups united into a polygonal network. Though at 
one time both Dr. Sorby and Osmond doubted the identicity 
of the ceraentites in different kinds of eteel, they are now, in 
consequence of the analytical results of Ledebur, and micro- 
scopical investigations (chiefly by Osmond), all considered as 
one substance. To be sure, Arnold and Eead diiTerentiated 
two carbides in solution residues (by Weyl's method), the one 
white and lustrous, the other grey and dull ; neverthelesa 
both have the same composition, and the difference is due 
merely to the lustrous scales being compact, whilst the dull 
ones are occasionally less densely packed, and wrinkled. 

So far as investigations have been carried— —even by 
Osmond — no coloration has been produced by etch-polishing 
cementite with gypsum and liquorice extract. 

Even etching with iodine, eight times repeated, produces 
no coloration, the cementite remaining silver white under 
vertical illumination. The same also appUes to the effect of 
20 per cent, nitric acid allowed to act for at least forty 
minutes, and of 2 per cent, acid for a more lengthy period. 

The researches of H, Behrens and A. E. van Linge on 
cement steel ^ may also be given in full, since they not only 
afford information on the composition of cementite, but also 
represent a typical example of the manner in which such 
researches should be conducted. These workers, in polishing 
cement steel, noticed crooked figures of a harder substance, 
which proved capable of better development by the aid of 
coloration and etching. " Since it was readily feasible to 
continue the etching to a depth of 0-3 mm,, attempts were 
made to isolate this hard substance. In a preliminary ex- 
periment with fuming hydrochloric acid, a yield of 2 per cent, 

' Freeeuiiu, ZHbi.f. muUyt. Chemie, vol. ixxiii. p. 513. 
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(of the crude steel) was obtained ; bub eulphuric acid, diluted 
with a fourfold volume of water, proved a more suitable re- 
agent, the yield being raised to 3-5 per cent., and later,after 
the necessary precautions had been ascertained, increased to 
5 per cent. During the first two hours a faint odour of 
hydrocarbons could be detected ; later, when the- detachment 
of metallic particles commenced, the liberated gas exhibited 
a decidedly disagreeable smell ; and finally the odour of 
garlic became so strong as to forcibly recall phosphuretted 
hydrogen, although the steel had been prepared of best 
Swedish iron and wood charcoal.* The detached particles of 
metal, which contained a slight admixture of carbon, were 
separated from time to time by agitation with water and 
decanting. The fragments of iron were eliminated by warm- 
ing along with 5 per cent, sulphuric acid, the residual metallic 
powder being repeatedly shaken up with water after the 
evolution of hydrc^n had ceased, and the turbid hquid 
poured off, in order to break down the fragments of carbon 
and carry them away. Repeated boilings with distilled water 
were finally necessary to eliminate the last traces of acid and 
soluble iron compounds, which would have discoloured the 
preparation in drying. In the first and second dryings a 
strong smell of garlic was i^ain noticeable ; and the diied 
residue appeared as a coarse pale-grey powder with high 
metallic lustre, recalling pulverised spiegeleisen. It was 
attracted by a steel me^net almost aa readily as coarse fillip 
of bar iron. The degree of hardness was found to.be a little 
higher than that of apatite, though less than that of window 
glass; it may be set down as between 5'2 and 5-3. At the 
same time, the substance was so brittle that it could easily 
be ground to a fine powder in an agate mortar. Under 

1 The author thought of acetylene, but ftirther restarohea by Behrena have 
ahowD that this Bubstance doea not appear, on which aoconnt the latter ascribsB 
the evil odour to the decomposition of a silicide. 
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the micrcecope only metallic spangles and filaments were 
discernible, but no crystalline granules. 

" A preliminary qualitative examination gave a h^h per- 
'centage of carbon and a low percentage of phosphorus ; 
sufficient, however, to he readily detectable by means of 
ammonium molybdate and nitric acid, in the extract from a 
fusion with sodium carbonate and potassium nitrate. The 
quantitative examination made by van Linge gave 6-6 per 
c*nt. of carbon.* If the mean carbon content of crude (knife 
and spring) steel be taken as 074 per cent., there is an 
accumulation ot nine times that quantity in the hard spangles, 
and, in view of the tact that, under favourable conditions, the 
yield of hard spangles is about 5 per cent, of the raw material, 
the carbon content of the intermediate substance is 0'4 per 
cent, at the most. Even this percentage is shown to be too 
h\g]i by the test for hardness. On examining etched sections 
in the course of this test, under the microscope, the value 
H = 5 is found for the crooked twigs and branches, 3'5 to 37 
for the intermediate substance, that is to say, the same hard- 
ness as iron containing O'l to 0-2 per cent, of carbon. The 
deviation is elucidated by the more precise microscopical 
examination of sections that have been etched to a depth 
of about O'l mm., this pracedure revealing the presence of 
a duller and fainter relief, partially corresponding to the out- 
lines of cubes, between the more decidedly projecting lustrous 
lines. On carrying the etching further, this fainter portion 
becomes inore vague, and disappears. In this case we have 
to do with a subordinate accumulation of carbon, in conse- 
quence of which the carbon content of the intennediate 
substance is reduced to one-half, or even less, and we must 
assume that the treatment with acid first attacks the soft 
iron, and then, simultaneously with the evolution of the 
noxious gases, the fine, hard strips and scales. 

' Therafore exactly ooiresponding to the fomiiila FcjC. 
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" A point worthy of note is the high carbon content of 
the sparingly soluble carbide, which is equal to that ot the 
white iron richest in carbon, which latter iron it also re- 
Bembles in colour and hardness. Whether the whole of the 
carbon is actually in combination could not be determined, 
owing to the small quantity of the substance; probably a 
small portion is present in admixture in the graphitic state, 
since a little carbon is separated on treating the crude steel 
with acids. Whether the phosphorus plays any part in the 
formation of the carbide rich in carbon must also remain 
undecided, though it may be regai-ded as certain that an 
accumulatioQ of phosphorus occurs therein. The phosphorus 
content of Danemora iron may be put down as 0-02 per cent., 
and the total amount of hard carbide in crude cement steel 
as 1 per cent. ; if, as seems probable, all the phosphorus 
passes over into the latter, this would correspond to a phos- 
phorus content of 0-02 per cent, in the carbide." 

From these researches it follows that cementite cannot 
always be regarded as pure iron carbide, but as also liable to 
contain other compounds (phosphides). 

According to the investigations of A. Martens, the 
cementite in spiegeleisen is in hexi^oual crystals. Stead ^ 
found rhombohedral crystals of iron carbide in a slowly cooled 
pig iron, poor in manganese (Fig. 48, Plate VI.). 

Cementite is magnetic 

(/) MarUnsife (Fig. 51, Plate VIL, also Figs. 52, 53, 
and 54, Plate VIII., named by Osmond after A. Martens) is 
found only in hardened steel. It has long been known, 
though not its structure. Dr. Sorby, under great reserve, 
speaks of extremely fine grains. Professor Behrens mentions, 
in the ease of sundry specimens examined by himself, a 
delicate polygonal network, which, however, is the result of 

' Jtmm. Irtm and Steel Tnif., 1S9S, vol. i. p. 145 ; The Melatlogra^hist, vol. 
i. p. 8S6. 



.coy Google 



116 SIDEROLOGY: THE SCIENCE OF IRON 

superficial decarbonisation. The researches of Martens on 
more or leas annealed steel show the irregular distribution of 
carbon therein, but not its iinal structure. Osmond pub- 
lished, in 1891, a photograph of medium hard steel under 
angular illumination after etching with nitric acid ; this 
exhibited a watered appearance, but was incorrectly explained 
at the time. Seeing that the grain of fracture is progressively 
reduced by hardening, until it finally disappears from view 
in the steels richest in carbon, one would be inclined to 
assume that hardened steel is amorphous, though actually, as 
we shall see later, it is decidedly crystalline. Take, for 
example, steel with 0'45 per cent, of carbon, heat it to 825° C. 
and harden at 720° C. in a refrigerating mixture at — 20° C. 
EeHef grinding shows only an indefinite structure, on account 
of the fairly regular hardness of the mass ; but it is rendered 
more decided by etch-polishing. We then find slightly de- 
pressed groups of needles, or, more correctly, stra^ht fibres 
arranged parallel, sometimes separated by a granular or ver- 
micular intermediate substance, at others not. Usually three 
systems of such fibres, parallel to the sides of an equilateral 
triangle, intersect one another, and, according to Michel Levy, 
indicate the cubical system of crystallisation. On the other 
hand. Stead maintains that martensite crystallises in the 
rhombohedral system. 

Martensite revealed by etch-grinding exhibits little or no 
coloration when treated with liquorice extract, the colour 
being at most a faint yellow. On the other hand — in con- 
formity with its carbon content — it is stained yellow, brown, 
or black, even by the first drop of iodine tincture ; the fibres 
always remain clearly visible. 

In view of the irregularities produced by staining and 
etching, one cannot assume martensite to be a primary con- 
stituent in the strictest sense. 

On the other hand, it retains its form just as well during 
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the hardeniDg of extra mild steel as in the hardest kinds oi 
steel, with the sole exception that — other things being equal 
— the needles are the longer and better defined the smaller 
the proportion of carbon in the metal. 

The carbon content of martensite varies between 0'12 
and 0-89 per cent, and the coloration assumed on treatment 
with iodine or nitric acid varies accordir^ly. In the ease of 
the varieties richest in carbon the coloration is considerable, 
but never so great as with cementite. Martensite will scratch 
glass and felspar ; it is also nw^etic and polar magnetic. 

Charpj ^ terms martensite containing a maximum of 
carbon (0"89 per cent.) "Hardenite," and understands by 
" Martensite " a form of hardenite diluted with iron. 

{g) AustenUe (Fig. 55, Plate VIII.) is the name given by 
Osmond to a constituent appearfog solely in the alloys richest 
in carbon, and that have been cooled from a very high tem- 
perature by immersion in ice water. It contains carbon, 
probably in solution per se? This notwithstanding, it is so 
soft that it can be scratched by a needle, by apatite, and 
probably also by fluorspar. 

When smooth polished, it has a faint grey appearance, 
whereas martensite is silver white ; in comparison with 
martensite it is not appreciably deepened by relief polishing. 
Iodine or nitric acid will impart stains. 

As the percentage of carbon increases, so also the pro- 
portion of austenite, up to about 1-6 per cent, of carbon, 
beyond which limit a progressive separation of carbide occurs. 
Under the most favourable conditions of hardening — which, 
however, must be determined for each kind of steel — mar- 
tensite and austenite appear in equal proportion. Austenite 
is apparently non-magnetic. 

' Rev. gin. de» Science), 16th January 1897 ; The Mttallographisl, vol. i. 
p. 52 et ttq. 

' H. von JaptnOT, loc. eU. 
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(A) Pmrlite (Figs. 56, 57, Plate VIIL). Sorby first de- 
scribed, under the name " pearly constituent," a binary com- 
pound consisting of alteraate hard and very soft lamellae; 
this was afterwards named " Pearlite " by Howe. Under 
angular illumination this hody exhibits a nacreous iridescence 
(hence its name), provided the soft and more attackable 
lamellte be only ground out to a auf&cient depth. After 
chemical analysis had revealed the presence of cementite 
(FegC) in all kinds of steel, especially annealed sorts, it was 
generally concluded that pearlite constitutes a mixture of 
cementite and ferrite. Is this invariably so ? For instance, 
take a hard steel, containing 1-25 per cent, of carbon, that 
has been annealed at 750° C, and consists almost entirely of 
pearlite. This, if ground with colcothar and water on parch- 
ment, clearly reveals the alternating lamellae when illuminated 
in the usual manner under the microscope. Generally the 
lamellar structure is readily discernible (as found by Sorby), 
but is very irr^ularly developed, and sometimes in such 
faint relief that the photographic reproduction of the pic- 
ture, mt^iiied 800 times, is quite devoid of detail. This 
leads to the assumption that the alternating lamella do not 
always exhibit a difference of hardness corresponding to that 
of cementite and ferrite. The absolute thickness of the 
lamellffi may, however, play some part herein, and it may be 
that the finest of them, having a thickness of only 01/*, 
cannot offer sufficient resistance to the act of polishing, 
either because the granules of the colcothar are relatively 
too coarse, or the lamellte are too brittle. On prolonging 
the experiment with etch-grinding, the isolated parts offering 
a poor resistance to colcothar sustain very little alteration ; 
on the other hand, after a few hundred revolutions, many of 
them commence to colour, the shade passing from yellow to 
brown, purple, and blue. At each separate moment the 
colours of the individual islets are very different ; moreover, 
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on one and the same ialet, according to the orientation of 
the lamella?, the patina may he coherent and exhibit all 
varieties of bands, or else interrupted, the unstained lamellae 
being depressed or in relief. Similar results are obtained with 
iodine. Now, under these circumetances, no coloration is 
furnished by cementite or ferrite, either with iodine or 
liquorice extract. Consequently we are in presence of a 
new primary constituent, which bas been named " Sorbite " 
by Osmond, in honour of Dr. Sorby, one of the earliest 
pioneers of metallography. 

The foregoing facts show that the alternating lamellai of 
pearlite may consist of cementite and sorbite, sorbite and 
ferrite, or of two differently coloured varieties of sorbite ; or, 
finally, of cementite and ferrite, with or without an intermediate 
filling of sorbite. Osmond believes that ferrite and cementite 
never come into absolute contact, though he is unable to 
demonstrate this on account of experimental difficultiea 
Moreover, from what is known of the cementite content of 
steel, and of the surface it presents in a preparation, it is 
probable that a portion of the cementite in sorbite is so finely 
divided that even a magnifying power of 100 is insufficient 
for its rect^ition. 

Pearlite is found only in annealed steel. In specimens 
polished in rehef, pearlite stands up in comparison with 
ferrita 

In addition to the scaly pearlite described above, Osmond 
distinguishes another modification of this constituent, to 
which he gives the name of granular pearlite. The only 
difference between them is that the latter has a granular 
structure, and is consequently destitute of the iridescence 
exhibited by the lamellar variety ; for which reason Oliver 
Arnold has objected to the application of the name pearUte 
to the granular modification, and proposes that it should be 
called sorWte. However, since this latter name is already 
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appropriated to another substance, and would therefore pro- 
duce confusion, its adoption cannot be recommended. 

Lamellar pearlite appears in particular beauty in steel 
that has been allowed to cool very gradually from a high 
temperature without disturbance. Granular pearlite, on the 
other hand, is found in steel that has been forged down to 
a comparatively low temperature, or merely re-heated to a 
lower temperature. 

(i) Sorbite (Osmond) occurs merely as a structural element 
of pearlite. Its microscopical reactions have already been 
described ; hut nothing further is known as to its chemical 
composition, and, in the absence of a method of separation, 
this problem is not easy of solution. That it contains carbon 
is, however, certain from the tact that it is stained by iodine 
tincture. In view of the circumstance that the whole of the 
carhon in the steel is not entirely confined to the cementite, 
it seems probable that the carbon of sorbite is a kind of 
hardening carbon (see Book III.), which is Uberated in the 
gaseous form by Miiller's method, and gives a comparatively 
slight stain with nitric acid. Furthermore, it appears to 
represent a kind of intermediate stt^e between martensite 
and cementite. 

{k) , TroosCiU (Osmond) occurs most clearly defined in 
medium hard steel. Take, for example, a metal containing 
0-46 per cent, of carbon, heated to 825° C. and hardened at 
690° C. When this is ground with colcothar on a parch- 
ment backing, it exhibits granules in relief, a number of 
depressions, and, between the two, intermediate cord-like layers 
of medium hardness. After etch-grinding, it is found that 
the hard granules consist of martensite; and the depressed 
portions of ferrite ; whilst the intermediate bands exhibit 
coloration, though leas rapidly than sorbite, and the colours 
resemble irregular marbling. Their structure is almost 
entirely amorphous, slightly granulated, and warty. 
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A Bimilar effect is produced by iodine tincture. 

Osmond nam&l this eubatance Troostite, after the well- 
known French scientist Troost 

It 18 evident that troostite forms an intermediate st^e 
between soft iron and hardened steel. However, like sorbite, 
it has up to the present only been determined by its micro- 
scopical reactions, and its exact chemical composition still 
. to be ascertained. 



According to the foregoing, the following characteristic 
properties are available for the recognition of micrographical 
structural elements. 

1. Rehef polishing shows up the hardest constituents, 
especially cementite, in relief. 

In order to obtain a clear view of the structure of ferrite, 
it is often advisable to employ Vienna lime as well as col- 
cothar in relief polishing. 

2. Etch-poliahing with Vienna lime and liquorice extract, 
or with ammonium nitrate, produces the following results : — 

(a) Uvstained. — Ferrite, cementite, martensite, and 



ih) Stained. — Martensite, austenite, troostite, and sorbite. 

Martensite assumes merely a yellowish coloration, and is 
recognised by its crystalline habit. A less experienced ob- 
server might confound martensite with pearlite, since both of 
them are iridescent under angular illumination, and, besides, 
their structural elements may be of equal size. Differentiation 
is, however, an easy matter, the needles of martensite being 
straight and intersecting, whilst the lamelbe of pearlite are 
crooked and do not intersect. Perrite and cementite differ 
greatly in point of hardness, on which account the former 
appears as depressions, the latter in relief. Troostite stains 
to a smaller extent, and more slowly than sorbite. The great 
distinction between them, however, is that the former only 
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accompanies martenaite, whilst the latter is associated with 
cementite and pearlite. 

3. Etching with iodine tincture gives the following 
results : — 

(a) Unstained. — Ferrite and cementite. 

(6) Staimd. — Sorbite, troostite, martensite, and auatenite. 

Of the structural elements making their appearance when 
other fundamental substances besides carbon and iron are 
present, we will now merely refer to high-grade mar^nese 
steel and nickel steel. These exhibit neither pearlite nor 
martensite. Manganese steel chiefly consists of polyhedral 
granules, intersected by one to two systems of cleavage, 
which approximate more closely to austenite in behaviour. 
After prolonged cooling, the granules are enveloped in 
cementite, but when the cooling proceeds rapidly the cementite 
has no time to separate out, and is therefore undiscoverable. 
Nickel steel behaves in a very similar manner. That the 
assumption of a resemblance between this form and austenite 
is correct, will be seen later in treating of the behaviour of 
such steels during cooling, etc. 

In special steels certain hard crystalline depositions not 
infrequently occur, which are now classed as " cementite " ; 
but since their composition is often different from that of 
ordinatj' eementitea, it will soon be necessary to invest them 
with another appellation. Particulars regarding these and 
other depositions in iron alloys will be given in Book III, 



.coy Google 



CHAPTER IV 

RELATION BETWEEN MICROQEAPHICAL COMPOSITION, 
OAKBON-CONTENT, AND THERMAL TREATMENT OF 
IRON ALLOYS 

Leaving out the non-metallic elements (cavities and slag) 
appearing in iron alloys, we find that the natvire and quantity 
of the other structural elements differ both according to the 
composition and thermal treatment of the alloys themselves. 

Graphite and free cementite are found only in alloys rich 
in carbon, free ferrite only in those poor in carbon. Mar- 
tCDsite and austenite appear solely in hardened iron, whilst 
pearlite is found only in iron that has been slowly cooled or 
annealed. 

Pearlite or martensite may occur in association with free 
ferrite or free cementite, whereas the two latter structural 
elements never appear together. 

All these phenomena speak in favour of the formation of 
these various forms from liquid or solid solutions, as we shall 
see more clearly later on. Nevertheless it will already be 
easily comprehended that, from a concentrated solution of 
carbon and iron, only the first-named will be separated (as 
graphite), whilst only iron carbide (as cementite) will separate 
from a, concentrated solution of iron carbide in iron ; and 
that consequently ferrite and cementite cannot be separated 
simultaneously. According to this view, we must assume 
marteuBite to be a solid solution of iron carbide in iron, in 
support of wliich we shall have numerous other i 
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advance later. Pearlite then correapondB to the eutectic mix- 
ture of ferrite and cementite, and as a matter of fact PonBot, 
in 1859, showed with eutectic mixtures of coloured salts and 
ice that these mixtures consist of altei-nate crystals of ice 
and salt, the latter either in the anhydrous or hydrated 
condition. 

• In many instances the microscopical investigation of the 
manner in which the deposition of the structural elements in 
question has been effected, affords additional information. 
Special interest attaches in this connection to the researches 
of H. Behrens on the microscopical structure of metals and 
alloys, for which reason we will consider the same more 
closely. 

In the case of grey iron the combined carbon is distri- 
buted unequally ; this is indicated by the irregular coloration 
produced by pickling, the unequal attack in etching, and the 
irregular hardness after heating to redness and quenching. 
Fine-grained varieties of grey iron, when annealed up to 
reddish brown, exhibit rectangular crystalliths composed of 
violet-tinged spheroids and a yellow or orange-coloured net- 
wort The darker annealing colour belongs to the more 
easily and readily annealed iron, rich in carbon ; and since this 
fuses at a lower temperature than iron poor in carbon, the 
spheroids cannot very well be globuliths, nor the lines of the 
network mother liquor, although both give rise to this im- 
pression in the microscopical picture. Etching with weak 
nitric acid or chromic acid imparts a dark colour to the 
spheroids, and considerably corrodes the network. The most 
instructive pictures are afforded by etching with hydrochloric 
acid. Acid of sp. gr. V2 may be allowed to act for three 
minutes, but stronger acid, which gives clearer pictures, must 
be swilled off after thirty seconds, the etching being repeated 
if necessary. The portions rich in carbon remain white and 
lustrous in the acid, whereas iron poor in carbon is grey and 
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dull. It thus becomeB evident that in most specimens of 
coarse-grained grey irou, and in many samples of fine-grained 
iron, the portions poor in carbon are associated with the 
occurrence of graphite scales, whereas other specimens show 
in addition a decidedly crystalline structure, or incipient 
traces thereof, in the parts where the graphite scales are less 
plentiful. Since the carbon-content of grey iron (0-5 to 
1'5 per cent.) differs little from that of steel, a capacity for 
hardening and a certain workability would be expected ; 
and experiments directed to that end have shown that both 
properties appertain to all kinds of grey iron, though not to 
the same extent. Coarse-grained grey iron (Lowmoor iron) 
seems, by rapid testing after quenching, to be just as soft as 
before ; but if a quenched sample be crushed to coarse 
powder it will be found to contain hard granules that are 
absent in the powder from unquenehed specimens. The 
forging capacity is very low. 

Medium and fine-grained grey iron can be more uniformly 
hardened and more easily foiled, without attaining the flexi- 
bility and elasticity of forged cement steel, which it often 
exceeds in hardness. 

Sections of graphite scales are usually accompanied, on 
one or both sides, by a washed-out edging, which, on being 
tested by oxidation or etchii^, proves to consist of iron 
poor in carbon. This is a phenomenon corresponding to the 
light aureoles surrounding microliths and crystalliths in 
many blast-fumace slags and vitreous rocks. It might be 
assumed that spontaneous deposition has occmTed in both 
cases, and that the clouding crystalline particles in the 
immediate vicinity of larger crystals are absorbed and 
attracted by the latter. Against this hypothesis comes the 
circumstance that, in addition to a majority of dull glasses 
with clear aureoles, there is also known an important minority 
of clear glares, coloured by iron, exhibiting colourless aureoles. 
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It is more probable that, aa Behrens believes, the preaence 
of these haloB can be explained by the behaviour of super- 
eaturated eohttions towards crystals of the salt that is dis- 
solved in excess. Even this, however, does not seem to he 
quite accurate, since the introduction of crystal nuclei into 
supersaturated solutions merely effects the crystallisation of 
the excess of the salt, and nothing further. 

White iron, rich in carbon, can be converted into grey 
iron by fusion at a high temperature. Slow cooling plays a 
part in this process ; nevertheless, the deposition of graphite 
seems to be brought about by the absorption of silicon. The 
microscope affords little clue to this operation. 

The microchemical examination of the above-mentioned 
aureoles teaches that they contain silica ; whether in lai^r 
proportion than the intervening portions richer in carbon is 
unknown, thoi^h this is probably the case, since, according 
to Wedding,^ the particles of iron, not infrequently embedded 
in the graphite scales, often contain more silicon than the 
main body. It may be considered aa certain that the 
deposition continues to occur until the grey iron ie fuUy 
solidified, since otherwise the formation of the aureoles poor 
in carbon would be imposaibla Moreover, this also follows 
from their fairly r^ular distribution through the mass of 
* the grey iron, whereas, if deposition had ceased at an earlier 
period, the graphite would necessarily, by reason of its lower 
specific gravity, accumulate at the surface of the metal. 

We shall learn more about this process later on. 

The occurrence of graphitic particles of iron in groups in 
mottled pig iron, moreover, indicates that a separation of 
the iron into two different parts may occur before the deposi- 
tion of graphite has concluded. 

Again, not merely the chemical composition, but also the 
thermal treatment of the iron alloys, has an important influ- 
' Handbuck der EUenhfUtevktaide, 2nd editdan, toL i. p. 29. 
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ence on the nature of the structural elements appearing 
therein. 

Thus the deposition is complete at 1130° C. If a pig 
iron be suddenly cooled down from a higher temperature to 
below this point, the deposition of graphite will be suddenly 
interrupted, and the iron will therefore contain less graphite 
than if it had been cooled slowly. If the iron had contained 
so little graphite that deposition would not occur above 
1130° C, then the suddenly cooled metal would not contain 
any gi'aphite, and would become white, whereas if cooled 
slowly it would have been grey or mottled. 

The processes in solid metals are very similar, except 
that in these the conversion temperatures of the different 
structural elements mostly differ according to the composi- 
tion. This applies to the conversion of austenite into 
martensite, the deposition of cementite or ferrite from 
martensite, and finally the conversion of martensite into 
pearlite. 

If the metal be slowly cooled or warmed to above these 
conversion temperatures, the conversion will occur, whereas 
this will not be the case if the cooling be effected suddenly 
(by quenching) to below the conversion temperature 

This behaviour forms the basis of the two phenomena 
known respectively as the hardening and annealing (softening) 
of steel, and which will be fuUy discussed later on. 

Mention has already been made, in Chap. II. Book I., of 
critical points, temperatureB, and temperature zones ; and in 
Chap. VII, it was stated that such critical points occur not 
only in liquid solutions, but also in solid solutions. It was 
also shown that solution curves are obtained by connecting 
analogous critical points. 

Fig. 58 represents these curves in accordance with the 
latest determinations made by Eoberts-Austen ^ for iron- 
' Fifth Report to the Alloys Research Committee of the Inat. of Mech. Eng,, 1899. 
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carbon alloys. A B represents the solidification of iron, it 
being left undecided whether the deposition is one of pure 
iron or of a solid solution of carbon in iron. B D corresponds 
to the deposition of gi-aphite, and a B c to the solidification of 
a euteetie alloy of 4'3 per cent, of carbon and 95-7 per 
cent, of iron. 

The critical points occurring in solid iron-carbon alloys 
correspond to the following curves: — 

G represents the critical points marked Ag, at which 
ferrite is deposited from martensite during cooling. 

M O represents the critical points marked Aj, at which 
also ferrite is deposited from martensite. The horizontal 
course of this line causes it to appear a euteetie one, but we 
shall afterwards find another explanation therefor. 

S corresponds to the critical points marked A,, j ; here 
also a deposition of ferrite occurs. 

S E, corresponding to a number of critical points, which 
have not received any special designation, is caused by the 
deposition of eementite from martensite. Osmond first 
proved this curve, not by critical temperature determination8» 
but by microscopical investigation If, for example, a steel 
with 1'5 per cent, of carbon be hardened as much as possible, 
say by immersion in ice water, the resulting microscopical 
picture differs considerably in accordance with the hardening 
temperature. When the hardening temperature is 1100° C. 
or higher, only traces of eementite are found; if 800° C, 
then eementite is present in abundance ; consequently the 
deposition of the iron carbide must commence at a tem- 
perature residing between these limita On heating a rod 
of the same steel to 1100° C. at one end, whilst the other 
end remains below dull red beat, and then hardening in ice 
water and examining a longitudinal section under the micro- 
scope, the eementite is found to be lacking at the end ex- 
posed to the greatest heat. It commences to appear at a 
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certain point corresponding to a definite quenching tempera- 
ture, the proportion increasing with the falling hardening 
temperature to a certain value depending on the compoaition 
of the steel ; and, finally, martensite is replaced by pearlite. 
Now, so far as the occurrence of a critical point in the 
deposition of cementite and martensite is concerned, it must 
not be forgotten that this deposition goes on between wide 
limits of temperature, and that the resulting evolution of 
heat is only slightly appreciable, and therefore easily over- 
looked. Nevertheless, it was observed on several occasions 
and with different kinds of steel, both by Osmond and 
Eoberts-Austen. That it is not always found is due to the 
fact that we have here frequently to do with supersaturated 
solutions, in which the presence or absence of depositions 
Sepends on the presence or absence of crystal nuclei. 

P S P' corresponds to the conversion of martensite into 
pearlite, P S representing the critical point Aj, whilst S Pj 
Mpresents the critical points A„ j, j. 

Finally, the Une A U — drawn by the author on the basis 
of two reports by Osmond— is the per cent, austenite curve, 
i.e. embraces temperatures at which the conversion of austenite 
into martensite is just eomplete. A similar hypothetical line, 
A t'l — the 50 per cent, austenite curve (which, however, is 
based on only a sii^le report by Osmond) — would represent 
the appearance of equal propoilions of austenite and 
martensite, 

Accordii^ to the foregoing, austenite and martensite—^ 
which therefore, in our view, are soUd solutions of iron 
carbide, or of elemental carbon in iron — occur in association. 
We have already seen that in the case of mottled iron a 
separation of the mass into two differently composed parts 
is probable, even whilst solidification is in progress ; since 
otherwise the frequent accumulation of alternate white and 
grey portions in such iron would be inexplicable. In this 
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case we have apparently to do with the simultaneous appear- 
ance of several, only partly miscible liquids, in the same 
manner as actually occurs iu certain aqueous solutions. 
Thus, according to G. S. Newth,' when a strong aqueous 
solution of ammonia (sp. gr. O'SSO) is shaken up with a 
saturated solution of potassium carbonate, two separate layers 
are formed, just as in the case of oil and water. At the 
ordinary temperature the potassium carbonate dissolves about 
37 per cent, (vol.) of the ammonia . solution, whilst the latter 
takes up about 6 per cent, of the potassium carbonate solu- 
tion. The solubihty of each solution in the other increases 
as the temperature rises ; and the curves of solubility intersect 
at 43° C, above which temperature the liquids are miscible 
in all proportions. The mutual solubility is also increased by 
the addition of a little water. An addition of 12-9 per cent. 
of water causes a cessation of the special phases above 10° C, 
whilst with an addition of 181 per cent, of water the liquids 
are rendered miscible in all proportions at all temperatures 
above zero C. When cooled below this critical temperature, 
however, the clear solution immediately becomes turbid, and 
separates into two liquids. 

Katurally, the same alterations ai-e produced by warming 
as by cooling, but in the opposite direction ; nevertheless, the 
critical points appearing in this case (calescence points) do 
not exactly coincide with these occurring during the cooling 
process (recalescence points), the former being always a little 
the higher of the two. The calescence points are indicated 
by Ac (Aci, Acj, Acg, Ae^, g, Ac,, a, j), the others by Ar (Atj, 
Arg, Arj, Arj, j, and Ar^, j, j). 

Pure iron exhibits only the points A^ and Aj ; alloys with 

0— 0'25 per cent, carbon show the points A^, Aj, and Ajj 

between 0'25 and 0-82 per cent, carbon there occur only two 

critical points (Aj, ^ and Aj) ; and steel with more than 0"82 

' frc'Chtm. Soc., 6th April 1900. 
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per cent, carbon has only one definite critical point (Aj, j, ,), 
which, however, always appears. 

The designations A^, ^ and A„ g, ^ imply respectively 
double and triple points, in which the points A, and Aj or 
Aj, Ag, and Aj coincide. The reasons favouring this assump- 
tion will be evident later on. 

It must also be mentioned that the conversions in question 
are not effected at exactly a given temperature, but within 
certain temperature limits, and that the critical points repre- 
sent the maxima of evolution (or absorption) of beat within 
the said limits of temperature. 

Reference should also be made to another remarkable 
behaviour of iron alloys very poor in carbon, which may best 
be studied in an example observed by Howe and Sauveur, 
namely, a steel with 009 per cent, of carbon — 



L 



Abovs Ar, ..... 
Between Ar, and Ar, . 
Between Ar, and Ari . 
Below Ar„ or when cooled slowl; 




Above Afj the steel consists of 77 per cent, of martensite 
and 23 per' cent, of ferrite ; the martensite, however, contain- 
ing only a very small proportion 'of carbon (or iron carbide). 
When etched with iodine or nitric acid it assumes a pale 
yellow coloration, and is not very hard, since it is readily 
scratched by a needle. Between Ar^ and Atj the steel con- 
sists of 27 per cent, of martensite, distributed in irregular 
granules throughout the matrix of free ferrite. The 
martensite of this specimen is much harder than that of 
the previous one, and assumes quite a dark colour when 
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etched. It is very hard, forms a decided relief when polished 
on a soft underlay, and cannot be scratched by a needla 
Between Aig and Ar^ the proportion of martensite undergoes 
still further diminution, since it forms only 1 1 per cent, (vol.) 
of the entire mass. During the retardation Ar^ about 15 
per cent, of the ferrite present in the martensite at higher 
temperatures separates out, thus increasing the amount of 
free ferrite to 89 per cent. After quenching below Ar,, the 
structure is found to consist of 10 per cent, of pearlite and 90 
per cent, of free ferrite. During the critical point Arj the 
11 per cent, of martensite present above that temperature 
disappears, 1 per cent, of pearlite and 1 per cent, of fen-ite 
being formed ; and the microstructure of the same steel, after 
slow cooling, is similarly constituted. Consequently quench- 
ing below the critical zone neither alters the temperature nor 
the relative proportions of the constituents ; and this applies 
to every kind of steel. 

According to Sauveur, above Arj, 0'12 part of carbon 
can unite with 99'88 parts of iron (it being assumed, for the 
sake of simplicity, that the steel consists exclusively of iron 
and carbon), or, in round iigures, 1 part of carbon to 800 parts 
of iron, to form martensite. The martensite can no longer 
absorb ferrite ; and if the steel contain less than 0"1 2 per cent, 
of carbon, the unabsorbed excess is present as free ferrite. 
Between Arj and Arj we find 025 part of carbon to 99-75 
of iron, or 1 part to 400. In this temperature zone martensite 
can no longer absorb ferrite, and any excess present remains 
free. Between Ar^ and Ai-j the amount of ferrite capable of 
uniting with carbon to form martensite is still smaller, namely, 
0'5 per cent, carbon to 99-5 per cent, iron, or 1 part to about 
200. Any further quantity present is unabsorbed. Here 
we have a point which might be termed the saturation point 
of carbon /or iron. 

From this, however, follows the notable fact that iron 
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alloys very low in carbon may still contain free femte even 
above Atj ; and thia ia confirmed by the following obaerva- 
tions of Osmond in the case of ateel with 0'14 per cent, 
carbon, 0045 per cent, silicon, 0"018 per cent, sulphur, 0*01 
per cent, phosphorus, and 0'19 per cent, mai^nese. 



HotJnguid 
Degreea^ 




Ftnite. 
per cent. 


Au»ntiilmat« 

of the 
Hutemite. 
percept. 


p.,t^ 


6/0 C. IbBtween Arjand Arj) 
Heated to 960 C, quenohed M 

770 C. (between Ar,and At^ 
Heattd to 960 C. quenched at 

820 C. (mean ot Ar^) 
Heated and quenched at 

1000 C 

Heated and quenelied at 

1840 C 


14 
24 
46 
61 
90 


86 
76 
54 
39 
10 


1-0 
0-58 
0-30 
0-23 
0-18 


99-00 
171-41 
332-33 
488-78 
624-00 



This compels the assumption that in the case of very soft 
steel there must exist above Ar^ a critical point (Ar,), which, 
however, is apparently difficult to observe on account of the 
inconsiderable evolution of heat. The curve corresponduig to 
this series of points is shown in its presumptive course by 
the dotted lines in Fig. 58; it connects the curve GO with 
the fusing point A of pure iron.' Anyway, there is also a 
probability that the small quantities of ferrite remaining when 
iron poor in carbon is heated above Arg would disappear were 
the substance beated long enough to Ar^, since these reactions 
proceed very slowly in solid solutions. Further investigation is 
therefore necessary before any final conclusion can be forjned. 

The manner in which the microstructure of steel con- 
taining large percentages of carbon changes with the harden- 
ing temperature, can be gathered from the following data 
collected by Sauveur (and partly by Howe) r— 
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Steel with 0'21 pkb cent. Carbon. 
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As can be seen, the alterations in the microBtructure 
generally coincide exactly with the critical points. The only 
exceptions are the deposition of ferrite in iron very low in 
carbon, and the conversion of auetenite into martenaite, 
or deposition of free cementite from the latter, as already 
mentioned. 
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CHAPTER V 

THE MICROSTRUCTURE OF SLAGS 

Foe the sake of completeness we will now proceed to the 
consideration — even if only in a cursory fashion — of the 
InicroBtntcture of sl^s. The most complete investigations 
on this point are those of J. H. L. Vogt of Christiania/ which 
well deserve to be thoroughly studied by all who are interested 
in this subject. 

As in the ease of rocks, the microscopical examination of 
sl^s is conducted with thin sections of the material. 

ITie minerals discovered in slt^ by Vogt (a few of which 
do not seem to be present in natural rocks) are almost ex- 
clusively developed as skeleton crystals, mainly on account of 
the rapid cooling inevitable in practical smelting. If, how- 
ever, as the result nf a combination of special circumstances, 
the stage of cooling be protracted over a number of hours, or 
even extended to days, perfect crystals are formed, as the 
labours of other mineral synthesists have shown. 

The following minerals were detected in slag, by Vogt :— 

A. PvRoxENE Group (fto . SiOj). 

Augite, chiefly in Swedish blast furnace slags, which not 
infrequently contain free, fully-developed crystals of the 

' Verhandlungen der k. lehwed. Akad. d, WUaenichaft^n, 1884, vol. ii. 
No. 1 ; JemkontnreU Amtaler, 1885, "Beltrage zur Kenntnis der Genetze der 
Miaeralbildung in Schmelzmasseu," Cliristiatiia, 1802. 
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mineral. It often appears in the typical forms shown in 
Figs. 59, 60, 61, and 62, Plate IX. The crystals are mono- 
clinic, and the composition is as follows :■ — ■ 

m ((Mg,Fe)0,CaO,2Si02) + n [(MgJ'e)0,(Al,Fe)i08,Si02]. 

Sections through the crystals frequently reveal the forms 
shown in Figs. 63, 64, and 65. Plate IX. 

A distinction exists between non-aluminous and aluminous 
augite. The fonner varies in composition between — ■ 
3CaSiOs + MgSiOs = CaMgSijOe + CaaSi,0„ 
(corresponding to a maximum content of lime) and — 

CaSiOj + 3Mg(re)SiOg = CaMg(Fe)SijOB + Mgg(Fe2)SijOe 
(with a maximum of MgO and FeO). 

The other has the formula — 

ESi03 + wAli,(Fe2)SigOB- 

Augite is deposited when the composition of the fused 
mass approximates to the formula ESiOg + n AlgSigOj ; whereas, 
when the composition is ESiOj + n AlgOj, other minerals 
(olivine, melilite, and gehlenite, magnesian mica, plagioclase, 
etc.) make their appearance. 

Alumina and ferric oxide seem to play very subordinate 
parts in the pyroxenes. 

Enstatite (MgO -pyroxene) may occur in bisilicate slags 
rich in MgO ; it is one of the rarest of slag constituents, 
crystallises in the rhombic- system, and may be expressed by 
the formula MgOSiOj. No freely developed crystals have 
yet been found. F^. 6 6, Plate IX. shows two sections, parallel 
and perpendicular to the axis. 

In addition, there is a dimorphous, mono- ,or asymmetrical 
MgSiOg variety. 

MgSiOg, like calcium siKcate (CaSiOj), is polymorphous, 
and appears — 

1. Alone or with FeSiOj, in the rhombic form, as enstatite. 

2. Monosymmetrically or asymmetrically, as magnesia 
pyroxene. 
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Wollastonite (GaO-pyroxene) was not detected in free 
crystals. It crystallises oil the monoclinic system, and has 
the fonnula CaO^iOj. Fig. 67, Plate IX. shows its appear- 
ance in sections. 

Rhodonite (MnO-pyroxene), in contrast to the two fore- 
going bodies, easily forms large and well-defined crystals. In 
accordance with its composition, this mineral (MQO,SiOj) 
chiefly occurs in bisilicate slt^ rich in manganese (mainly 
in acid Bessemer slag from pig iron rich in manganese). 
Such crystals are shown in Figs. 68 and 69, Plate IX., the 
appearance of the sections in Fig. 70, Plate IX. 

B. Olivine Group ((fiO)ii.SiOs). 
.To this group belong — 



Foraterite .... 
True olivine 
Fayalite (iron-olivine) . 
Tephroite (manganese-oHvine) 
Monticellite (calcareous oUvine) 



(MgO)a.SiOj. 

(MgO,FeO)2SiO„. 

(FeO)2Si02. 

(MnO,reO)jSi02. 

(CaO.MgOjSiOa. 



All these minerals crystallise according to the rhombic 
system, have about the same axial ratio, and are very closely 
allied both in crystallographical and chemical respects. 
Pure lime-olivine is not yet known, either native or as an 
artificial product ' 

Ohvine minerals readily crystallise from melts that are 
rich in MgO, FeO, or MnO, and have about the composition 
of singulosilicates. They form often finely developed crystals 
of the shape illustrated in Fig. 71, Plate IX. In sections 
they have the appearance shown in Figs. 72 and 73, Plate IX. 
(fayalite and magnetite), and Fig. 74, Plate IX. (magnesia- 
olivine). 
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C. Melilite-Scapolite Group. 

The minerals comprised in thia group are — 

Melilite .... (RO),2(Al20s)j(8iOj)9 ; 
Gehleaiite . (RO)3(Al,Og)(SiOj)2 ; and 

Akermanite (RU)4(SiOj)3, a new mineral comparatively 

rieli in lime and silica ; they all eryatallise in the 

tetragonal system. 

In the above formulfe, KO chiefly represents CaO with 
Na^O and K^O, in addition to small quantities of MgO, 
FeO, and MnO. The composition of the new teti-agonal 
mineral, which is crystallographically and optically allied 
to melilite and gehlenite, corresponds to (RO)4(SiOj)3. In 
this case EO is chiefly CaO, with a little MgO, MnO, ■ and 
FeO. 

All these minerals have about the same axial ratio, and 
crystallise, like the olivines, in one and the same type. They 
occur in aingulosilicate slags, and are fairly often found 
developed as free crystals. Their appearance in sections is 
shown in Figs. 75 and 76, Plate IX. 

The most important and characteristic base of the melilite 
series is CaO, though a portion is represented by MgO, MnO, 
FeO, or Na^O, which latter also facilitate crystallisation. 
Dui'ing aolidificatioE the bulk of the lime passes into the 
melilite minerals, the main of the magnesia into the matrix, 
on which account olivine is frequently deposited subse- 
quently. 

When, however, the proportion of MgO is high and 
the CaO low, olivine is the first mineral to separate out. 
The line of demarcation between the deposition of 
olivine and melilite, with regard to the ratio CaO (Mn, 
Mg, Fe)0, is independent of the stage of silication of the 
magma. 
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The melilite minerals must be regarded as mixtures of — 

Gehlenite silicate .... Rs(Alj)Si20i„ ; 
Akermanite silicate .... E^SigOjQ ; 

and we thus ari'ive ft the following series i — 

1. Gehlenite (the most basic member of the group). 

2. Intermediate member between gehlenite and the 

optically negative melilite. 

3. Optically negative melilite. 

4. Optically isotropic melOite. 

5. Intermediatfl member between optically isotropic 

and positive melilite. 

6. Optically positive melilite. 

7. Intermediate member between optically positive 

melilite and akermanite. 

8. Akermanite. 

A new hext^onal calcium silicate, forming a group by 
itself, is found in calcareous slags between l^iS and 25 
silicate ; microscopical views of sections are shown in Figs. 77 
and 78, Plate IX. The composition of this slag constituent is 
CaO,Si02. This silicate, like MgOSiOj, is therefore di- 
morphous (woUastonite and hexagonal calcium silicate). 

Mica is rarely found in slag; and the same applies to 
wiUemite (ZnO)aSi02. 

Spinel (pleonaat) of the composition EO , AlgOj crystallises 
in the tesseral system, and occurs in highly basic aluminous 
blast-furnace slags. It is mostly in the form of octahedra, 
and is unattacked by hydrochloric acid, sulphuric acid, nitric 
ftcid, or hydrofluoric acid. In blast-furnace slag it chiefly 
oeeurs as MgO,AlgOj. 

In the same series are — 

Zinc spinel, in which MgO is partly or entirely replaced 

by ZnO (mostly together with a little FeO). 
Hercynite, FeO . Alfi^, hitherto rarely found in slag. 
Magnetite, FeO.FejOa. 
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Hausmannite, MnO.MnjOg. 

Mangano-ferrite, (Fe, 1111)304. 

A mineral, CaO.Fe^Oj (according to J. Percy and H. 

Tholander). 
Specular iron ore, etc. 

In vitreous enamel slage of a d^ree of silieation exceed- 
ing 25, as well as in very basic enamel slags, numerous 
globulitee occur. The eompositiou of the globulites from the 
former is assumed by Vogt as {EO)i(SiO,)3, whilst that of 
these in the basic enamel slags is probably (Ca,Mg,Mn)S. 

V<^ has arranged the numerous slags investigated by 
him in a graphical table (Fig- 79), in which the ordinate axis 
represents the stt^e of silieation, whilst the axis of the 
abscisses represents the relation between the lime on the one 
hand, and the mi^nesia, ferrous oxide, and manganons oxide 
on the other. He also succeeded in detecting the extent of 
the hmits within which the formation of the several minerals 
occurs, and in particular their position. 

The appearance of phosphates will be dealt with in the 
Fomih Book. 
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BOOK III 

CHEMICAL COMPOSITION OF THE 
ALLOYS OF lEON 



CHAPTER I 

INTBODUGTION 

As is well known, the technical varieties of iron are in no 
wise pure metal, but contain a number of other elements, 
chief among them being — 

A. Principal constituents : Iron, carbon, silicon, sulphur, 
phosphorus, and manganese. 

B. Supplementary associate substances : Oxygen, hydrogen, 
nitrogen, arsenic, antimony, bismuth, copper, nickel, cobalt, 
chromium, tungsten, titanium, vanadium, molybdenum, tin, 
and zinc. 

Some of these elements are unavoidable, and then either 
essential for the purpose in view {e.g. carbon), or at anyrate 
useful (such as silicon and manganese in many ca8es),or injurious 
(such as sulphur, and generally phosphorus). Others, again, 
are designedly introduced for the attainment of definite objects 
(e.g. silicon in grey pig iron, phosphorus in Thomas pig 
iron, manganese in spiegeleisen, ferromanganese in manganese 
steel ; or like nickel, chromium, tungsten, etc., in.special steels). 

The most important associate of iron, and the one 
influencing the manner of its technical utilisation, is carbon. 
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An attempt has been made to classify the technical varieties 
of iron according to the proportion of this and other important 
elements, as well as in accordance with the method of production. 

1. Grey pig iron (a portion of the carbon ia deposited 
m graphite on cooling;- the l^tare is ^j in 
colour). When the percentage of silicon ts urge 
the iron is termed ferrosilicon ; uBBd for casting, it 
U called cost iron. 

2. White pig iron (the carbon remains in comhina- 
tion ; fracture white). This is harder and more 
brittle than grey pig iron. 

3. Ferromanganeae ; carboniferous alloys of mou- 

reaeand iron with high percentage of manganese ; 
carhon remains in combination on cooling ; the 
ftaeture ia white or yellowish. 

f(a) Puddled steel,* richer 



A. Pig Iron. — Cannot 
be forged, brittle, fusea 
suddenly when heated. 
Contains at least 2S- 
per cent, of carbon 
(ailicoQ, phosphorus, 
etc.). 



S. FoBoB Ibon.— (Gap- 
able of heio§ worked, 
and less brittle than 
pig iron at the 
oiSinary temperaturo./ 
Softens when heated 
gradually to fnaiug 
point) ; percentage of 
carbon, etc., less than 
2 per cent. 



in carbon (about 0-6 per 
cent, and over), solid, 
capable of being har- 
dened. 
[b) Bar iron (welding 
wrought iron), poorer in 
carbon (less than O'Sper 
rent.), less solid, but 
tougher and more duc- 
tile than bar steel ; 
cannot he appreciably 
hardened. 
-(o) Ingot steel, ^ richer in 
carbon (0'6 per cent. 
and over), solid, capable 
of being hardened. 
Ingot iron (obtained (S) Ingot iron, poorer in 
in a fluid state, IVee carbon (lessthanO'G per 
from alag). cent.), less solid, but 

tougher and more duc- 
tile than the correspond- 
ing steel ! cannot be 
appreciably hardened. 

This proposed classification, which, however, has failed to 
secure general adoption, was drawn up at the time of the 
Universal Exhibition in Philadelphia, 1876, by a committee 
composed of the following members : — 

Germany, H. Wedding; England, J. Lowthian Bell; 
France, L. Gruner; Austria, P. Tunner; Sweden, Eichard 
Akerman ; United States, A. L. Holley and Thomas I^leaton, 



' In the Prussian State Railways the term steel is confined t 
iron as exhibit a tensile strength of at least 50 kilogs. per sq. i 
per sq. inch). 



such kinds of 
m. (71,114 lbs. 
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Greater favour has been accorded to the following claaeifi- 
cation : — 

I A. Grey pig iron. With graphite. 

Carbou conteat, 3-G to 4 per cent, (of which 0'3 
t« 0-6 percent combined). Fusing point, 1100° to 
1800° C. (according to Pouillet, 1100° to 1200' ; 
Oruner, 1180°; Ledebur, 1276° C.}. 
Specific gravity — 

Dark grey . . 6-686 to 7-27S. 
Light gwr, . e-916 to 7-672. 
Termed cast iron when employed for casting. 
■ White pig iron. With-/ 



I. NON-FOBGKAGLB IKON 

(pig iron). — Eendily 
nsible, melting and- 
denly when nested. 
Carbon content, 2'3 to 

6 per cent, (up to t 

7 per cent, in the • 
of r«rromanganeae). 



t aDy large propor- 
tion oF graphite. 

Carbon content, 2'3 
to 5 per cent. Fomng 
iwint, 1050° to 1200° C. 
(according to Pouillet. 
1050°tollO0°;Ledebur,J. 
1075°;Gruner:8^^- ' 
leisen, 1066° ; white pig 
iron, 1122° C). 

Sp.gr.7-O56to; 

Hanier and 
brittle than grey pig 



. Spiegeleisen. Carbon 
content, 4 to S per cent. ; 
manganese content, 4 to 
20 per cent, and over. 

, White steel and ordi- 
nary white iron. Carljon 
content, 2'3 to 4 per 
cent,; manganese con. 
tent, 1 t« 6 per cent. 



C. Ferromanganese. Without any important pro- 
portion of grapiiite. 

Carbonilerons alloys of iron and manganese, with 
30 to over .80 per cent, of manganese, and up to 
over 7 per oent. of carbon. 

A. Wrought in 
not be appreciably 
hardened. Carbon con- 
tent, 04 1 
cent. Fusing poini 
1SOO° to2250° C.» lai 



n. — FOBOEABLK IBOH 

(wrought iron and , 
steel). — Difficult tc f 
fnse; mtdually softens; 
when neat«d. Carbon 
content, 0-04 to 2 -3 
per cent. 



1800° to 2250° C,» (at 
oording to Dainelle, . 
1587°; Ponillet, 1500° 
to 1600°; Carnellay. 
1804°; Pietet, 1600°}. 

Sp.gr.: rodB,7-352to 
7-912; wire, 7-794 t" 
8-100. 

.ff. Steel. Capable otbeing 
hardened. Carboncon 
tent, 0-6 to2-3 percent 
Fusing point, 1300° ti 
1800° C' (according ti 
Pouillet, 1300° to 1400° 
Gruner, 1350° to 1400° 
Ledebur, 1375" C). 

Sp. gr. : puddled steel 
in rods, 7 -826 to 8 -082; 
ingot steel. 7-400 to 
7-836. 

sent observKtloiLB. these A(nir» 



m). 

2. Ingot iron. Obtained 
from the liquid condi- 
tion, free from slog 
(Bessemer, Thomas, re- 
verheratory furnace, or 
Siemens-Marl in Pemot 
iron, etc.). 

1, Puddled steel. Ob- 
tained from the visi-id 
condition, containing 
slaff (finery, cement, 
and blistei-ed steel). 

2. Ingot steel. Obtained 
from the Quid state, free 
from flag (Besseaier, 
revejheratory furnace, 
or Siemens- Martin car- 
bon steel. Cast steel, 
i.e. re-melted crucible 
cement steel, etc.). 

n decidedly too bigh. 
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With the ingot iron and ingot steel aeries must also be 
aeeociated the so-called special steels, which, in addition to 
carbon, contEon other elements (manganese, chromium, nickel, 
tungsten, etc.) added by design. 

The aforesaid associated substances present in iron are 
only in part in the elemental condition, partly in chemical 
combination therein ; and even those present in the former 
state in technical varieties of iron frequently assume different 
forms. In fact, the investigations performed within recent 
years have demonstrated that all the constituents of iron 
alloys appear in at least two different forms therein. 

It would, natui'ally, be a matter of particular interest to 
be able to ascertain exactly the intimate composition of the 
iron alloys, since this is the chief factor influencing their 
mechanical and physical properties. Unfortunately, however, 
prioress in this direction has not advanced beyond the initial 
stages, SB we shall see in the following pages. 
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CHAPTER II 

constituents of iron , alloys 

Carbon 

AcooBDiNG to the experience gained up to the present, iron 
that containB nothing but carbon exhibits the following char- 
acteristic chemical components : — 

A. Pure carbon, separating out as such, in the form of — 

(a) Graphite, crystallising in the well-known hexagonal 
scales, and separating out before, during, and immediately 
after solidification ; 

(6) Tempering carbon (also known as graphitic tempering 
carbon), i.e. amorphous carbon, which is deposited within the 
already solidified metal when the same is subjected to pro- 
longed heating at high temperatures ; and 

(c) (According to Rossel and Frank) possibly the diamond, 
which, however, (according to Werth and Moissan) cannot be 
deposited at any other time than during the brief interval 
when the metal is in course of solidifying, this being the sole 
period when the essential conditions prevail. 

B. Carbon in the form of chemical compounds or in 
solution — 

(«) Carbide carbon, chemically combined with iron to 
form iron carbide, FegC ; 

(b) Hardening carbon, as to the chemical nature of which 
divergent views still exist. 

The chemical character of the various forms of carbon is 
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revealed bj their behaviour towards acids and other reagents, 
as the following table will show : — 

1. Graphite crystallises on the hexagonal system, and is 
unattacked even by boiling strong acids (not too concentrated 
nitric acid). 

2. Graphitic tempering carbon behaves like grapliite in 
presence of acids ; Is black, lustreless, and quite amorphous ; 
bums more readily than graphite. 

3. Diamond crystallises r^ularly and behaves like 
graphite towards acid& Its preparation in a pure state is a 
highly complex process (see Frank, Stakl und Eisen, vol. xvii, 
p. 670). 

4. Carbide carbon. When heated with strong acids this 
modification ot carbon is disengaged in the form of hydro- 
carbon. If the specimen of metal be dissolved in very dilute 
hydrochloric or sulphuric acid at the ordinary temperature, 
with exclusion of air, the " carbide " is left behind as a grey 
or brown mass, which, according to Miiller,' consiats of 
granules with a silvery lustre, and ^iting spontaneously at a 
relatively low temperature on drying. On dissolvii^ the 
sample of iron in cold dilute nitric acid of sp. gr, 1'2, there 
foims a flocculent browa residue, which gradually dissolves on 
heating, without any evolution of gas, and furnishes a brown 
solution that suffers but little alteration on prolonged boiling 
(Osmond and Werth).* 

5. Hardenii^ carbon occurs, in traces at least, in all 
kinds of iron.' On dissolving the iron in dilute hydrochloric 
or sulphuric acid, this carbon is given off as strong smelling 
hydrocarbon gas; when cold nitric acid of sp. gr. 12 is 
employed, there forms at first a black deep residue, which, 
when shaken up briskly and left for a few minutes, dissolves 

' StaM und EUen, 1888, p. 292. 

^ Awn. d. Minea, 8, Tol. viii. pp. 5-84. 

' Probably aa illnaion, iron carbide itself being alightlj decomposed by 
very dilute acetic aoid. 
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without any visible evolution of gas, but, if the solution be 
gradually heated to 100° C, is slowly liberated in the gaseous 
state, the dark coloured solution becoming progressively lighter 
(Osmond and Werth).^ 

To facilitate detailed description of the different forms of 
carbon occurring in iron, they may be conveniently divided 
into two groups: — 



A. CARBON IN THE ELEMENTARY FORM 

(a) Graphite 

As already mentioned in Book II., graphite separates out 
in the form of thin plates — often several millimetres in length 
and breadth, and sometimes decidedly hexagonal — in solidified 
iron. According to Behrens, it is also found in the form of 
powder (probably very minute scales). In microscopical 
sections it assumes the form of distorted lines, not infre- 
quently intersecting at nuclear points. Behrens reports these 
as being edged on one or both sides with an attenuated 
border, which proved to be iron poor in carbon but rich in 
silicon. Whether this aureole contains a lai^sr proportion 
of silicon than the intermediate portions richer in carbon 
could not be ascertained, though probably such is the case, 
since, according to Wedding,* the particles of iron not infre- 
quently embedded in the graphite scales often contain more 
silicon than the bulk. This phenomenon is apparently con- 
nected with the circumstance that the separation of graphite 
is facilitated by the presence of silicon (and aluminium). The 
frequently expressed supposition that crystalline silicon is also 
deposited in addition to graphite, has not yet been conlirmed. 
On the other hand, it would appear that the graphite is 
always accompanied by small amounts of iron and its 
' Lot. cU. ' Sandbwih d. Eitenhiittenkundt, 2ud ed. vol. i. p. 29. 
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coDStitueutg (silicon in particular), as the following analyses 
show ; — 





Scum Iroiu a Blut'tumace 
»tCl»renoe. 


Orsphite recovend trom 


Mugiwtic 
percent. 


ptrcent. 




Carbon .... 
Iron ... . 
MsugtuieBe 

Silicon .... 

&'°.™; : : 

Total . . 


95.00 
170 

3-30 


54-80 
31 ■W 

li-bo 


78-32 
18-23 
1-25 
076 
1-42 


100-00 


100-00 


100-00 



That the deposition of graphite from iron rich in carbon 
ie begun whilst the metal is still in a fluid condition, is shown 
by the appearance of a scum of graphite ci'ystals floating on 
the surface of the iron : that the same continues to occur 
after the iron has solidified, is evidenced by the fairly uniform 
distribution of the crystals throughout the mass of grey pig 
iron, since otherwise they would rise to the surface and 
accumulate there. 

Manganese and sulphur oppose the formation of graphite : 
whether — as is alleged by some — a similar influence is exerted 
by phosphorus, baa not yet been definitely proved. The 
amount of graphite deposited is also influenced by the rate 
at which iron saturated with carbon is cooled ; slow cooling 
favours, whilst mpid cooling retards, the formation of 
graphite. 

The separation of graphite from solidifying pig iron 
is accompanied by a not inappreciable diseugf^ment of 
heat. 

The sp. gr. of graphite is 2-1 7-2-32, its hardness 1-5-1 -0- 
The specific heat increases with the temperature in a very 
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considerable degree, aa is ahown by the inveBtigations of F. H. 
Weber with Ceylon graphite (0'38 per cent, of ash): — 



Temperature, ° 

-10-7 
10-8 
61-3 
138-5 
201-6 
249-3 
641-9 
822-0 
977-0 



True epeoifio liMt 
01138 
0-1437 
0-1604 
01990 
0-2542 
0-2966 
0-3250 
0-4450 
0-4539 
0-4670 



Dewar found the mean specific heat of graphite between 
19" and 1040° to be 0-310. 

Graphite is neither dissolved nor volatilised even by boil- 
ing acids, though it is slowly oxidised by boiling nitric acid. 
Potassium chlorate and nitric acid oxidise it to graphitic acid 
(Eerthelot's graphite oxide), which, when heated, leaves behind 
a black residue (Berthelot's pyrographite oxide). On heating 
this oxide with hydriodic acid, hydrographite oxide is formed. 

The composition and properties of all these bodies vary 
according to the nature of the graphite used in their prepara- 
tion, as is shown in the following table : — 



Graphite Osisb (Gi 



Acid). 



Krtural Oi»phite. 


BlaaC-turnuw Onphlte. 


ElectrialQr^hit* 
(Graphitlte). 


Scales analogous to mice, 
palo yellow in colour ; 
converted into a 
brown mass on cool- 
ing ; insoluble in all 
menatrua ; composi- 
tion— 

C»H,.0,.. 


Yeltowish green scales 
that do not cohere 
on drying ; composi- 
tion— 


Chestnut - brown, not 

when aned ; oom- 
poaition— 
C»H„0^ 
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Pybooeaphite Oxids. 



NMutal Oraphite. 




Electrical Graphite 
(Qraphidt*). 


I,ooae, light, volumin- 
ous, moas-like mtss, 
whicb is formed by 
heating the foregoing, 
the reaction being 
accompanied by & 
violent, almoat explo- 

When treated with an 
oiidiaing mixture the 
hulk dissolves, leaving 
a small residue of 


Formed when the fore- 
going is heated, the 
mass swelling up. 
When treated with 
oxidising mixture it 
dissolves, usually with 
a alight residue of 
graphite oxide. 


A dense heavy powder 
produced by heating 
the foregoing, the 
mass puffing up. 
Almost entir^y die- 
solved by oxidising 
mixture. 


Hydboobaphitb Oxtob. 


soluble in all men- . the mass swelling up 
strua, does not swell or . and liberating iodine 
pnff up when heated ; vapours ; is converted 
re-convertod into j-el- into greenish yellow 
low graphite onide by ^ graphite oride by ">« 
the oxidising mix- i oxidising mixture, 
ture, 1 


Decomposed without 
swelling up when 
heated, and tumished ' 
with the oxidising 
mixture, bronn gra- 
phite oxide. 



According to Hubner and Luzi, melUthic acid Cg(COOH)a 
is formed, in addition to graphitic acid, during the oxidation 
of graphite, the whole of the graphitic acid finally passing 
over into niellitic acid. 

When it ia considered that considerable divergences, 
especially as regards their chemical behaviour, exist between 
graphite and graphitite, it becomes uncertain whether the 
graphite appearing in the different kinds of iron is necessarily 
the same body under all cireumsfcanees. In other words, it is 
quite possible that the constituent we now berm graphite 
in the technical varieties of iron may in the future be sub- 
divided into several different kinds of carbon. For example, 
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it is possible that constitutional differences of this kind may 
exist between the graphites separated at different tempera- 
tures. 

(b) Graphitic Tempenm/ Carbon 

This constituent of iron alloys is pure amorphous carbon, 
which behaves like graphite in presence of acids. No chemical 
separation of graphite from tempering carbon is poeeibla Its 
deposition from the metal (really from the hardening carbon) 
occurs when the latter is maintained for some considerable 
time at a still indefinite temperature, which is, however, below 
that at which the deposition of graphite occurs ; whether 
during cooling or re-heating is immaterial. This temperature 
is higher than that at which the separation of the carbide, to 
be afterwards described, takes place. Large proportions of 
manganese hinder the separation of tempering carbon. 

In the absence of graphite, somewhat considerable quanti- 
ties of this second form of carbon can be detected as small 
black dots, either uniformly distributed or in groups, on the 
surface of fracture. The sole means by which they can be 
distinguished from graphite is by their non - crystalline 
character. 

This form of carbon oxidises more readily than graphite : 
for instance, it is converted into CO by oxygen at red heat, 
and, according to Forquignon,^ is volatilised as hydrocarbon 
when the metal is heated to redness in hydrt^en. 

Whether tempering carbon is present as pure amorphous 
carbon in iron, or whether this is first liberated from a com- 
pound rich in carbon, by the action of acids, has not been 
definitely ascertained ; but, in the present state of our know- 
ledge, the former hypothesis is the more probable. 

When once formed, tempering carbon is unaffected, either 
by slow or rapid cooling ; and it is only by heating the metal 

■ A7in. de Ghim. tl de Phys., 1888, p. 383. 
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to very high temperaturea that it can be re-converted into 
hardening carbon. 

The tempering carbon oE the technical varieties of h-on 
may, according to Weinschenk,* be compared with the carbon 
found in meteorites, and which, on the latter being dissolved 
by dilute hydrochloric acid, does not volatilise in the form of 
hydrocarbon, and is only consumed by strong calcination in a 
platinum crucible. Cohen terms this substance " amorphous 
carbon." 

(c) Diamond 

According to Boseel and Frank,' this form of carbon also 
occurs in iron. The first-named worker examined special steel 
by a method devised by Berthelot, dissolving the metal in 
acid, carefully washing the residue, and oxidising it with nitric 
acid ; then fusing with potassium chlorate after repeated 
washings, and finally subjecting it to repeated treatment with 
pui-e hydrofluoric acid and concentrated sulphuric acid. The 
resulting powder consisted of microscopically small trans- 
parent crystals, characterised by extraordinary hardness. 
They were able to mark corundum, and burned to carbon 
dioxide at 1000° C. The steel employed for the rifle barrels 
of the Swiss infantry regiments, furnished crystals which 
exhibited a r^ular octahedral structure under a power of 
300 diameters. The same worker* afterwards succeeded 
in demonstrating the presence of blaak transparent diamonds 
in iron from a blast-furnace hearth, ' 

H. Moissan, who succeeded in producing artificial diamonds 
by rapidly cooling molten iron rich in carbon, concludes that 
graphite and amorphous carbon are formed in iron that is 
allowed to act on carbon at temperatures between 1100° and 

' Ami. d. natitrkiM. Bo/mvieumg, Vienna, 1889, vol. it. p. 101. 
> Sehmeis. Bam^., 18B6, p. 151 ; SiaM urut Eisfit, 1896, ii. p. 586 ; 1897, 
p. 48S. 
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1200° C, whereas at 3000° C. beautifully crystalline graphite 
alone is formed. Under certain circuniBtances (rapid cooling) 
there may be formed in the latter ease a modification, which 
has the sp. gr. S'5, will scratch ruby, and behaves just the 
5ame as black diamond. 

In any case, the formation of diamond can only occur 
when the separation of the carbon takes place under heavy 
pressure (Werth). 

It may also be remarked, in passing, that diamonds have 
been found in meteorites. 

The hardness of the diamond is 10, and its sp. gr. is 
between 3-49 and 3-53. 

S. COMBINED CARBON 

Whereas elementary carbon is either not at all or only 
slowly attacked by dilute hydrochloric, sulphuric, or nitric 
acid, even at boiling temperature, combined carbon furnishes 
more or less volatile decomposition products with the former 
reagents, either already in the cold or on boiling, whilst dilute 
nitric acid gives organic compounds containing hydr<^en, 
oxygen, or nitrogen. 

According to the views hitherto generally current, this 
combined carbon may be divided into two classes, which we 
will now proceed to describe' in detail 

(a) Carbide Carbon 
According to Osmond (" Throne c611ulaire," etc.), this 
carbide carbon — which Einman terms " cement carbon," and 
which is also known as " incandescence carbon," or " chemi- 
cally combined carbon " — separates out from the metal con- 
taining the hardening carbon (to be described later on) at 
between 660° and 780° C. in the case of iron alloys rich 
in carbon, and even to some extent at still higher tempera- 
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turea On the metal being heated to a temperature rather 
higher than the deposition temperature of the carbide carbon, 
the latter is re-tionverted into hardening carbon. 

The combination of this portion of the carbon with 
the iron, forms crystalline substances of a high degree of 
hardness (cementite) in the solidified metal. Manganese 
and tungsten hinder the formation of the carbide ; silicon, 
in large proportions, diminishes the formation by favouring 
the deposition of graphite. Slow cooling facilitates, whilst, 
rapid cooling (hardening) retards, the deposition of carbide. 
When hardened steel is heated, the separation of carbide 
begins already at 100° C. Consequently the ratio between 
carbide carbon and the total carbon depends both on 
the composition of the metal and on the conditions of 
cooling. 

When heat is applied in conjunction with strong acids, 
the carbide carbon is liberated in the form of hydrocarbons. 
On dissolving the metal in very dilute hydrochloric or sul- 
phuric acid, the above-named carbon is left behind as a grey 
or brown mass, which, according to Miiller,' consists of a 
number of silvery lustrous granules, which, on drying, ignite 
at a relatively low temperature. When the sample of iron 
is dissolved in cold dilute nitrite acid (sp. gr. 1-2) the carbide 
carbon remains as a floceulent brown substance, which, on the 
application of heat, gradually dissolves without any evolution 
of gas, and imparts to the solution a brown colour that 
undei^oes very little alteration when boiled (Osmond and 
Worth).* 

Many attempts have been made to facilitate the separation 
of the carbide in various ways, which we will now briefly 
describe 

J, 0. Arnold and A. A. Read ^ dissolved five kinds of 

' Sldhl vmi Eisen, 1888, p. 282. ' "Thferie o^UuUire." 

' Proe. Chem. Soc., 3rd May 189i. 
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steel (with between 0'96 and 0'06 per cent, of carbon) 
according to a modification of the Weyl and Binks method 
(dissolving by means of the electric current), and obtained 
residues containing the following proportions of the total 
carbon :— 

From steel with about 1 per cent, of carbon . 92 per cent. 
0-5 „ „ . 87 

0-25 „ „ . 78 

The loss they do riot place to the account of the harden- 
ing carbon, but assume that, independently of the electro- 
lysis, a matrix poor in carbon is dieeolved by the hydro- 
chloric acid used. The residue was collected on a flat 
filter, washed with alcohol and ether, dried in vacuo, and 
analysed. It was foahd to be iron carbide of the formula 
FcgC. According to these workers, this " normal carbide " 
occurs in two chemically identical forms.. Normal steel 
furnished a greenish black powder, probably pulverised 
crystalline carbide, partially decomposed by the solvent. 
A carbide in an extremely fine state of division was ob- 
tained from hardened steel ; whilst carefully hardened steel 
yielded silvery white scales of Sorby's " pearly substance," 
the composition of which exactly corresponded to the formula 
FeaC. 

Abel ' employed potassium bichromate and dilute sul- 
phuric acid as the solvent, the addition of chromic acid 
being intended to hinder the evolution of hydrogen, and 
therefore the escape of hydrocarbona He obtained by 
this means a black heavy pulverulent residue, which did 
not ignite on exposure to the air, and which was for the 
most part decomposed by hot hydrochloric acid, volatile 
hydrocarbons being formed. Hardened steel gave 4'7 per 
cent., annealed steel as much as over 90 per cent, of the 
' Eng., 1885, mix. p. ISO. 
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iposition of whicb was 



total carbon in the residues, the 
as follows :■ — - 





'™nt. 


Cubon. 
percent. 


W.ber, 

percent 


Cold-rolled cement steet . . . 
Softened „ .... 
Anuealed „ .... 
Cold.rolled other ateel .... 


92-77 

81-80 
89-92 
90-87 


6-92 . 

7-04 
7-23 
7-12 


0-93 
1-32 
2-23 
2-09 



The ratio iron : carbon approximately correeponds to the 
fommla FegC with 93'33 per cent. Fe and 6-67 per cent. C. 
Hence Abel deduces the existence of the carbide FejC already 
surmised by Karsten in eold-rolled or annealed steel. 

Miiller ' suffuses the pulverised metal with 1 per cent. 
Bulphuric acid in a glass beaker, and leaves it to stand for a 
few days under a slow current of illuminating gas. The 
residue is collected on a tared filter, washed with a large 
quantity of boiling water, followed by ether and alcohol, dried 
in a current of illuminating gas at 120° C, and finally left to 
cool in a similar atmosphere. This preparation is so pyro- 
phorio that it ignites spontaneously when only just warm to 
the touch. The substance contains chemically combined 
water, with which it parts at incandescence in illuminating 
gas, the resulting product being then far moi-e readily soluble 
in dilute acid. The water content of the carbide ranges from 
O'o to 1 per cent. ; the carbon varies between 6-6 and V'7 
per cent., the mean being 7-2 per cent. From his researches 
Mtiller deduces the existence of a carbide of the formula 
Fe,C. 

The carbide is only attackable with extreme difficulty by 
copper salts ; moderately concentrated hydrochloric or sul- 
phuric acid dissolves it, hydrocarbons being liberated, and a 
slight residue left corresponding nearly to the formula FeCg. 
' SlaJU wid Eifen, 1888, )'. 2B1. 
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Completely hardened steel — ae prepared by Miiller, by 
heating small quantities of turnings to incaodeBcence in a 
platinum crucible, and quenching the whole in cold water — 
gives no residue when dissolved in cold dilute sulphuric acid ; 
white pig iron, however, under the same conditions, leaves a 
considerable amount of residue. 

On dissolving completely hardened steel in dilute acids, 
the whole of the carbon volatilises in the form of hydrocarbons. 
If, on the other hand, solution be effected with exclusion of 
nascent hydrogen, the carhon is left behind as such. 

The investigations of H. Behrens and A. E. van Linge 
have already been referred to in Book II. 

The most exhaustive investigations of all in connection 
with the carbide in question were those of F. Mylius, F. 
Foerster, and G. Schoene.' They first dissolved softened 
tool steel (carbon content 1-30 per cent.) by the elec- 
trolytic method in a bath of concentrated zinc sulphate 
with O'l per cent, of free acid, a plate of zinc being employed 
as cathode. With a current of 1 ampere per sq, cm. at the 
anode, no evolution of hydrc^en could he detected. The loose 
grey corrosion layer appearing on the steel was brushed off 
under water, washed with water, alcohol, and ether, and dried , 
in an atmosphere of hydrogen. Microscopical examination 
showed the resulting grey powder to consist of lustrous acicular 
or laminar crystals. Analysis gave a carbon content of 7 
and 9 per cent., and about 90 per cent, of iron. In presence 
of dilute hydrochloric or sulphuric acid the powder gave 
no liberation of hydrogen, and therefore contained no free 
iron. 

Now, whereas the steel from which this substance was 

obtained is completely soluble in hot hydrochloric acid, small 

quantities of an undisaolved carbonaceous substance wei'e 

invariably left on treating the carbide in the same manner. 

' Zeit8.f. awn-gan. Chemie, 18B6, vol. liii, p. 88. 
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Consequently the iron carbide aeeme to have been decomposed 
by the electric current. 

A preliminary attempt to extract steel of low carbon 
content with normal sulphuric acid, showed that the evolution 
of hydrogen ceased entirely after the lapse of a week. There 
remained behind a dark porous, spongy mass, in which spangles, 
with a metallic lustre, could be detected under the microscope. 
The residue, washed with water and dried, contained 3'5 per 
cent, of carbon. It partly dissolved, with evolution of gas, in 
boiling hydrochloric acid, leaving a residue of 30 per cent., 
which, on combustion, gave 7 per cent, of carbon ; at the 
same time, a strong sublimate of arsenious acid was formed. 
The rest consisted of silica ; small quantities of iron, copper, 
manganese, and phosphorus being also present. 

The far purer tool steel already used above was next 
thoroughly annealed, treated with dilute acids at the ordinary 
temperature, and left exposed thereto, air being excluded, 
until the evolution of hydrogen had entirely ceased. The 
residue, ground in a porcelain mortar, was washed on a tared 
filter with water, alcohol, and ether^ — -air being, as far as 
possible, excluded — and dried at 120' C. in a current of 
hydrogen. The following results were obtained : — 











KeaMue. 




No 


AoidEmplojed. 


Duntion 

01 E^. 


»^ 






i«S£ 






1 




D.y.. 




mo™. 


ofsteel. ' 




400 CO. 2-nonn»l 














sulphuric acid . 


7 


10-30 


i-ai9 


16-7 


7-03 


2 


200 oc. S-norm&l 














sulpliuric nctd 


9 


10-09 


1-694 


16-8 


6-S2 


3 


EOT CO. normal 














aulphuric acid 


10 


10-19 


1-045 


16 -2 


6-54 


4 


500 cc. normfti 














hydrocliloric add 


.4 


10-31 


1-494 


14-5 


7-18 



to 84 per cent, of the total carbon in the i 
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remained in the residiiee, whilst 16—20 per cent, was con- 
verted into volatile carbon compounds. In addition, the 
residue contained small quantities of hydrogen and oxygen, as 
well as oi^anic impurities, as is 
shown by the analysis of i 
No. 2— 



Carbon 
Iron . 


6 '5 per cent 
. 89-6 „ 


Manganese 
Silieon . 


, 0'5 „ 
■ 0'3 „ 


Copper 
Hydrt^en, oxygen 


■ 0-2 „ 
loaa 2-9 „ 



100 '00 

The percent^e of carbon in 
the residues fluctuated about 
1 per cent. ; moreover, the steel 
was not sufficiently pure, and, in 
addition, the residue was rapidly 
oxidised, under the influence of 
damp air, during grinding. In 
washing with acid, the resulting 
iron oxide is dissolved, and the 
residue may then appear richer 
in carbon than it originally 
was. 

It also appears that the car- 
bide deposited when access of air 
is permitted is only partially 
soluble in hot hydrochloric acid, 
Fio. 80. — similar to the carbide prepared 

by electrolytic methods, — whilst a slight carbonaceous residue 

is left in addition to sihca. 

To obtaiu carbide residues that are perfectly soluble in 
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hot hydrochloric acid, the steel must not only be treated with 
acid, but the residues must also be washed and dried with 
exclusion of air, use being made of the apparatus shown in 
Fig. 80. The vessel A having been chai^d with the steel 
and acid, the air ia rapidly displaced from the tube E by 
hydrogen, the tube C being immersed in water. By means 
of the three taps it is easy to subsequently replace the 
saturated solution by fresh acid from the dropping funnel 
The completion of the reaction is indicated by the cessation of 
hydrogen bubblea In the ease of steel discs 2-3 mm. thick, 
and weighing about 10 grms., the extraction will be complete 
in about a week if the solution be renewed daily, but in 
special cases the operation may take several months. The 
washing of the residue with water, alcohol, and ether is 
effected by the aid of the dropping funnel, in a current of 
carbon dioxide introduced into the apparatus through the 
tube attached to D. For this purpose the three-way tap is 
particularly useful. 

When the steel discs are of metal rich in carbon they 
retain their shape throughout the entire operation. In such 
event the washing takes several hours, owing to the very 
slow rate of diffusion of the solutions in the interior of the 
porous mass ; it is also important to boil the washing liquid, 
in order to expel contained oxygen to the fullest possible 
extent. At the close of the operation the ether is displaced 
by carbon dioxide, which is allowed to escape through the 
lower end of the apparatus. 

The glass cylinder surrounding the vessel A is then filled 
with warm water, and the temperature is raised to boiling by 
introducing a current of steam. The drying having been 
completed in this manner, the hot water is emptied and the 
carbide residue is then cooled in a current of carbon dioxide, 
after which it can be removed from the apparatus without 
danger. 
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The steel used for 


the 


forgoing extractit 


tained — ; 






Carbon . 




1-30 per cent 


Manganese . 




0-30 


Silicon . 




0-21 


Phosphotua . 




- 0-11 


Sulphur 




. 0-05 


Copper . . . 




trace 


Iron {by difference) 




. 98-03 



100 00 



When dissolved in hot hydrochloric acid it left behind a 
few minute dark flakes containing, in addition to silica, 0'004 
per cent, (of the weight of the steel) of insoluble carbon 
(tempering carbon), ie. only a negligible trace. The probable 
reason of this is that the steel was heated for several hours 
at dull red heat and then left to cool. The acid used for the 
extraction was 2-normal hydrochloric acid (containing 7 per 
cent, of HCl). The resulting carbide was tested for its 
solubility in hot 1 5 per cent, hydrochloric acid in the same 
apparatus ; at first solution proceeded very briskly, then more 
slowly, and finally the evolution of gas became very sli^ish. 
The residual black flakes amounted to barely O'l per cent, of 
the carbide, and consisted for the most part of silica. The 
carbide dried at 100° C. sustains barely any loss on being 
heated to redness in nitrogen ; and even when rapidly raised 
to red heat in hydrogen the loss in vfeight did not exceed 
0'4 per cent. Consequently the residue is free from large 
quantities of water and oxygen. On the other hand, a 
liberation of empyreumatic vapours was observed, which may 
be aseribed to small quantities of hydrocarbons, etc., still 
adherent to the substance. 

The analysis of the carbide residues gave the following 
resolts :— 
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I. 


II. III. 


Carbon 


i- 6-50 per 
. 91-96 


cent. 6-56 per cent. 644 per cent. 


Iron . 




Mangane 


ae . MO 




Copper 


. 0-23 




Silicon 


. 0-02 




Sulphur 


trace 




Phosphorus „ 




Arsenic 


■ 




Nickel 


„ 





99-81 

Heuce the preparatioD contained at leaet 98 per cent, of 
iron carbide, along with a little manganese carbide and other 
impurities. 

The iron carbide cooled in carbon dioxide or nitrogen is 
not pyrophorous, at least when the admission of air is etfected 
slowly, whereas if cooled in hydrc^en it glows on the admis- 
sion of air, and is converted into red ferric oxide without 
undergoing any change of form. The cause of this phenomenon 
is probably to be found in occluded hydrogen. When heated 
to redness in this latter gas, the carbide very slowly loses 
weight (barely 0-5 per cent, in an hour) ; after this treatment 
it is usually no longer pyrophorous. 

Dry iron carbide is not attacked by air at the ordinary 
temperature, but at higher temperatures very readily b^ins to 
glow. Damp carbide is oxidised to a brown powder on being 
exposed to the air for a few hours. On dissolving the 
resulting iron oxide in hydrochloric acid there remains a dark 
brown residue distinguishable from carbon by its colour and 
by containing water. This substance also occurs as an 
intermediate product when iron carbide is decomposed by 
dilute nitric acid ; but is best obtained by employing for 
the oxidation of the carbide a cold solution of ammonium 
persulphate in dilute sulphuric acid. Further particulars 
respecting this substance will be given later on. 
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The action of water on iron carbide at the ordinary tem- 
perature is nil, and only slight at 100° C. One grm, of 
carbide heated with 5 cc. of water in a cloeed vessel for 
three hours at 145° C. furnished 0'5 cc. of combustible gas. 

On being heated to 400—430° C for half an hour in a 
current of steam and nitrogen, the carbide increased in weight 
1 3 per cent. ; the product was black, and contained oxides of 
iron, in addition to free carbon. The evolved combustible 
gas consisted chiefly of hydrogen. 

When heated to redness in a current of steam the carbide 
increased in weight 29 per*cent. in a quarter of an hour, and 
swelled up into the form of a loose brown powder consisting 
of ferro-ferric oxide, the carbon being liberated as gaseous 
products composed of hydrogen, carbon monoxide, and carbon 
dioxide, but not of hydrocarbons. 

Very dilute acids have scarcely any appreciable action on 
iron carbide at the ordinary temperature; but at 80° C. even 
decinormal hydrochloric acid produces an abundant liberation 
of hydrogen. Concentrated hydrochloric acid dissolves the 
carbide at a fairly rapid rate in the warm, the carbon passing 
off almost entirely in the form of volatile products ; neverthe- 
less, small quantities of non-volatile or sparingly volatile 
compounds (insoluble in water, soluble in alcohol, and still 
more readily so in ether) are invariably observed- On the 
other hand, the aqueous solution always contains carbon- 
aceous substances, as was demonstrated by L. L. de Koninek 
and K Donath. The formation of intermediate amorphous 
products resembling carbon was not observed in any instance. 

The examination of the gas liberated on treating the 
carbide with 2-normal hydrochloric acid at 80—100° C. by 
Mylius, Foerster, and Schoene, showed that 92-3 per cent. 
(vol.) is absorbed by palladium. The remaining 7-7 per cent 
exhibited an odour resembling petroleum, burned with a br^ht 
flame, and contained complex uncondensable hydrocarbons. 



.coy Google 



CONSTITXIENTS OF IRON ALLOTS 167 

Detonation experiments gave the following results referred 
to 100 vols, of the original gas— 

15'34 toIb. of carbon (imagined as in the gaseous state). 
126-2 „ hydrogen. 

1*4 „ nitrogen (presumably from the ait). 

Turning now to the portion of the gas absorbed by pal- 
ladium, and considering this as free hydrogen, there remains 
for the hydrogen combined with the carbon 126'2— 92"3 = 
33'9 per cent. This evidently agrees very closely with the 
proportion necessary to combine with the 15"34 per cent, of 
carbon to form saturated hydi-ocarbons of the CoHj„ + ^ series. 
(It is very much to be r^etted that no attempt was made 
to absorb the unsaturated hydrocarbons of the olefine series 
by bromine.) 

From these data the approximate composition of the 
liberated gas would be— 

Hydrogen .... 92-3 per cent. 
Hydrocarbon .... 6-3 „ 

Nitrogen .... I'i „ 

The hydrocarbon remainder had in this ease approxi- 
mately the density of pentane, which contains 15 vols, of 
carhon (vapour) and 3 2 vols, of hydrogen condensed to 6 vols. 
(Pentylene would furnish 15 vols. 0-f30 vols. H = 6 vols, 
of the compound.) 

Heating to redness produces no change in iron carbide ; 
when raised to white heat in a current of nitrogen it smelta 
to a r^ulus, loose carbon being deposited on the surface. 
The r^pjlua obtained by MyUus, Foerster, and Schoene was 
very brittle, with a radial fracture recalhng that of spiegel- 
eisen, and contained 4-36 per cent, of carbon, but no graphite. 
On this reguluB being heated to redness, carbide was again 
deposited. 

It has already been mentioned that iron carbide is attacked. 



.coy Google 



16 



SIDEROLOGY: THE SCIENCE OF IRON 



even though slowly, by very dilute acids. The following in- 
vest^tioQS of Mjlius, Foerster, and Schoene, wherein one and 
the same sbeel was extracted by acids of different strength, 
afford numerical data on this point : — 



.-. 


6irblde. 


PereenUm ol Cubon in tlu 
Carbide. 


Cwbid«. 


In per cent, of 


4-nonu»] liydrochloric add . 
2.nonnai „ „ . 
i-normal „ „ . . 

J-nonnaf ,. ,, 
NoTDiftl acetic acid 


6 

8 
15 

la 

17 
19-20 


8-42 
6-50 
e'49 

e-71 

6-84 
8-80 


0-3210 
0-6200 
0-9735 
0-8062 
1-1288 
1-2600 



Dilute acetic acid decomposea the carbide least, and 
fumiahes a carbide containing over 90 per cent, of the carbon 
present in the steel. Well-annealed steel therefore seems to 
contain the whole of its carbon in the form of carbide. 

The properties and composition of the deposited carbide 
remain unchanged, whatever the acid and strength of same 
used for the extraction, and irrespective of whether that 
operation is conducted at the oi-dinary or higher temperatures 
{e.g. 45" C), or whether the steel contains little (016 per 
cent.) or much carbon (1'3 per cent.). From this, Mylius, 
Foerster, and Schoene draw the entirely justifiable conclusion 
that iron carbide is a true atomic compound, and not one 
containing variable proportions of its constituents. 

Only in a single particular is the compound Fefi said to 
differ from the carbide isolated from steel, namely, that when 
decomposed by acids it gives off equal volumes of methane 
and hydrogen, according to the equation — 

FcjC + 6HC1 = SFeCl^ + CH, ■+ H^. 
The workers in question believe that the cause of this may 
possibly be that the molecular formula of the carbide corre- 
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eponds to a multiple of FegC, and that the carbon itself forma 
complex atoms in the molecule of the carbide. This view 
had already been formulated by L. L. de Koninck, Donath, 
and the present author, and was coniirmed by the subsequent 
researches of E. D. Campbell and the author (these will be 
dealt with later). 

The foregoing investigations have been conHrmed and 
extended by E. H. Saniter (Joum. Iron and Steel Irist., 1897, 
ii. p. 115). 

By a modification of the method of Bisks and Weyl, 14 
per cent, (instead of the theoretical 1 4'5 per cent.) of iron car- 
bide was obtained from a pure steel containing 1 per cent, of 
carbon. On boiling a sample with diluted nitric acid of sp. gr. 
1*2, the greater portion (probably corresponding to the free 
cementite) proved to be more difficult to dissolve than the fine 
spangles (presumably derived from pearlite). 

Examination of the behaviour of iron carbide at high 
temperatures gave the following results : — 
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0'004 














Sulphur . 


016 












0'05 


91-10 


81 -S 


92-6 


K-'i 


93-0 


92-7 


95-40 


Total <larbon 


8-93 


6-68 


6-I3 1 8-12 


6-ia 


8-20 


4-27 


GrapliitB . 


0-19 


022 


0-58 1 0-JO 


2-60 


2-Jl 


3-05 



In the case of JTo. 1 the carbide was enclosed in a copper 
tube and hearted for five mmutes. In Nos. 2, 3, and 4 the 
heating was prolonged for half an hour, and the samples were 
left to cool slowly. 

These i-esearches indicate a dissociation of the iron car- 
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bide at high temperatures ; neverthelese, it is noteworthy 
that the amount of graphite depoeited in the experiments 1 
and 2 was very small in comparison with that furnished by 
experiments 3 and 4. 

Heating to 800°, followed by'alow cooling, 

gave . . . 0-40 per cent, graphite. 
„ 1000° C, and quenching in cold 

water . . . 0-56 „ „ 

„ „ and slow cooling . 2'45 „ „ 

FusingataboutHOO°C., and elow cooling 3-05 „ „ 

These researches show a few divergences in comparison 
with the results obtamed by Mylius, Foerster, and Schoene, 
the latter having found no alteration in the carbide under the 
influence of red heat, whereas, according to Saniter, this is 
not the case. The fused carbide employed in both cases 
contained about the same percentage of carbon (4'36 and 
4-27 per cent.). Whilst the first-named workers obtained 
a regulus of white iron, with the structure of spiegeleieen, 
Saniter obtained grey iron with 3'05 per cent, of graphite. 
The probable cause of the difference is the fact that the 
former carbide contained l-l per cent, of manganese, the 
latter only O'lo per cent.' 

The behaviour of carbide carbon, or iron carbide, in 
presence of dilute nitric acid, has already been briefly men- 
tioned, and will be dealt with more fuUy later on. 

It may be not uninteresting to mention that carbide 
carbon is also found in meteoric iron.* 

In 1889 Weinschenk found in meteoric iron from Mt^ra, 
crystals of iron carbide corresponding to the formula (Fe, 
Ni, Co)3C, and which he proposed to name " Cohenite " ; similar 

' It is not beyond the botrnds of possibility that the divergent bahaTionr of 
the carbides at red^heat may be due to the ditferance in the peroentage of 
manganeee. 

' An interesting comparisoD between meteoric iron and msnufactored iron 
has been drawn by 0. Vogel {Slahl -and Siien, 1896, Nos, 12, 13, and 14). 
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carbides were afterwards fouBd in meteoric iron discovered in 
other places. A charaeteriatic feature of the two specimens 
(from Magura and Wichita) that have been more closely 
examined, is the highly irregular distribution of the cohenite, 
which appears in large quantity in some parts, whilst in 
others it ia entirely lacking. 

According to Cohen, the properties of this carbide are as 
follows : — The crystals are long, columnar, and attain in 
Magura iron a length of 8 mm. and a breadth of 3-4 mm. 
In Wichita iron they are on the average smaller and thinner ; 
and in this case a vertical tabular habit, and peculiar hacked- 
about appearance — probably the result of imperfect develop- 
ment — are more frequent and sharply defined. The surfaces 
are highly lustrous. The crystals are tin white, but frequently 
of a pale bronze to golden yellow. They are strongly mag- 
netic, and in a high degree brittle, so that their recovery in 
an unbroken condition is a matter entailing great care. 
Probably they are distorted regular forma, a condition with 
which the tendency to cleave would harmonise. (The carbide 
from artificial iron alloys, however, appears not to crystallise 
with regularity.) The degree of hardness fluctuates between 
5i and 6, and the sp. gr. is 7-227 or 7'244. They are in- 
soluble in very dilute hydrochloric acid (1 in 20), and can there- 
fore be extracted without difficulty ; on digestion with con- 
centrated hydrochloric acid they slowly dissolve, a portion 
of the carbon being left behind ; and in copper-ammonium 
chloride they dissolve readily, leaving the whole of the 
carbon as a residue. Analysis furnished the following 
results :- — 

Cohenite from Bemdego . 91-06 Fe; 2-20 Ni; 0-OOCo; 6-73 C. 
„ Magura . 89-81 Fe; 2-08 Ki; 0-69 Co; 6-42 C. 

whereas the formula [65Fe, 2(Ni, Co)l3C would correspond 
to 89-84 Fe, 3-58 (Ni, Co), 6-58 C. 
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Derby ' examined the cohenite from the iron from 
Canon Diablo, and obtained the following results from two 
analyse :-^ 

Iron .... 92-88 per cent, 91 '67 per cent. 
Nickel and Cobalt 1-33 „ 243 

PhoBphoniB . 0-48 „ 0-09 „ 

Carbon . . 533 „ 607 „ 

100 '02 100-26 

A different behaviour is exhibited by the meteoric iron 
from RufTa Mountain, which does not acquire any permanent 
magnetism and is said to contain a carbide agreeir^ almost 
e.tactly with the formula FcjC. 

rorchammer isolated from Greenland telluritic iron (from 
Niakorna) an iron carbide, for which he assumed the formula 
FejC. For this compound Shepard proposed the name 
" Chalypite." 

Both occurrences require confirmatory examination. 

(b) Hardeniiig Carbon. 
This modification of carbon receives its name from being 
found more especially in hardened steel ; and as it has also 
been assumed that the same is uniformly distributed through- 
out the entire ma«s, i.e. dissolved in the iron, it has berai 
termed dissolved carbon. Apart from the carbon present in 
austenite, this is the only form of that element contained in 
iron above a certain temperature. It constitutes the material 
from which, at certain temperatures, carbide carbon is derived, 
the formation of which can, however, be hindered by causing the 
metal to traverse these temperatures as rapidly as possible, 
i.e. by rapid cooling. Such metal is said to be " hardened " ; 
and the characteristic properties of hardened steel depend on 
the presence of hardening carbon, 

' Am. Joum. nf Sdetice,, ilii. p. 101. 
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The carbon in martensite belongs to tbia category ; 
nevertheless, it would seem that this form of carbon also 
appears in other monphological constituents of iron and 
BteeL 

On dissolving the metal in dilute hydrochloric or sul- 
phuric acid, the hardening carbon is driven off in the 
form of hydrocarbons ; but when cold dilute nitric acid 
is employed the carbon is at first left behind as a deep 
black residue, which, however, dissolves rapidly on agitation, 
or in a few minutes if left at rest, and with evolution 
of gas on being warmed to 100° C. This will be dealt with 
again later on. 

Opinions on the nature of hardening carbon are still con- 
flicting. Some regard it as elementary carbon dissolved in 
iron ; Howe and Sorby assume it to exist in two definite states 
of combination, namely — 

(a) In the proportion 99:1 (about corresponding to the 
formula FeioaCt, or Fe^iC), of great hardness, appearing in 
hardened steel ; and 

(b) In the proportion 99-46: 0-54 (closely approximating 
to the formula Fe^fi^, or "Pe^C), less hard, and found along 
with iron carbide (Fe^C) in annealed steel. 

Similarly, John Ohver Arnold distinguishes between ^ — 
{a) Crystals of slightly impure iron, which are coloured 
a pale brown on etching, as he supposes in consequence of 
the presence of small amounts of a carbide having the hypo- 
thetical composition Fbi^C ; and 

(6) Sub-carbide, a compound of great hardness, occurring 
in hardened and tempered steel, and believed to have the 
composition Fe^jC This substance (martensite and hardenite) 
is decomposed at a temperature of about 700° C. into FejC 
and pure iron, heat being evolved. One of its most notable 

' "On the Influence of Carbon on Iron," Steven's Indicate; liii. No. 2, 
p. 199. 
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cbaracteristicB is a capacity for becoming permaueDtly 

m^netic' 

More recently, however, the opinion is gaining ground 
that hardening carbon is nothing more than carbon contained 
in a definite modification of iron carbide of the empirical 
composition Fefi, dissolved in the excess of iron. 

' Arnold dedncea the existence of tlie compound Fe^C from the fiiot that 
iron ivith O'BS per cent, of eaibon furnished in different obserrationa a series of 
critieal points — 

1. Clearly marked saturation point with reference to the microstmcture 

of nonnal annealed and hardened iinds of ateel ; 

2. A sharply defined maximum in the curTe of recaleacence ; 

3. A point in the compression Curves of hardened steel, at which mole- 

cular How absolatel; ceases ; and 

4. A maiimum in that curve, which is determined by the percentage 

of carbon, and the permanent magnetism of hardened ateel, as 
co-ordinates. 
In addition were also determined — 

5. The raasimum of tensile strength (and approiimatelj also the capacity 

for hardening] in steel containing 0'8-0-S per cent, of carbon ; 

6. Maximum difference between the magnetic transformation temperature 

in heating and cooling ; and 

7. A minimum of contraction of the steel in its molecular 

within the zone of critical temperature. 
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CHAPTER III 

CONSTITtlENTS OF THE IRON ALLOTS: CARBON— OPINIONS 
AND RESEARCHES ON COMBINED CARBON. 

To supplement the particulars given in the preceding chapter 
with regard to carbide and hardening carbon, it is necessary 
to refer to a series of researches performed on iron alloys 
containing both carbide and hardening carbon. 

E^ertz,^ by treating iron with a solution of iodine in 
iron iodide, obtained a carbonaceous residue of the empirical 
composition Cgol + 20HjO, with 60 per cent, of carbon. 

The carbonaceous residue left behind when iron is die- 
solved in copper - ammonium chloride was examined by 
Andrew Blair,* who found therein-^ 



Carbon .... 
Water .... 
Oxygen (detennined direct) 
Chlorine .... 

Nitn^n 



per cent 



100-10 

A second portion of the residue when heated in a current 
of hydrogen lost 39*25 per cent in weight, of which, how- 
ever, only 12'54 per cent, was moisture. No oily or tarry 
subatances were formed. The residue was non-crystalline, 
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and contained 5784 per cent, of carbon, and 2'91 per cent. 
of ash. 

The first analysis would correspond very closely to the 
formula 3(CjoH2iC10,5)NOs.' Of this there remains, after 
heating, a residue of 3C^, whilst the liberated gases must , 
contain, in addition to 19o HjO, also 3Cj,0„,3H8,3Cl and N. 

Schiitzenbei^er and Bourgeois,* by repeated treatment 
with solutions of copper chloride and ferric chloride containing 
hydrochloric acid, obtained from white pig iron a blackish 
brown residue, which, when washed and dried at 100° C, 
gave the formula CnHgOs after deducting the silica, graphite, 
and other impurities. This carbohydrate they named graphite 
hydrate, and the same is closely allied to Brodie's graphitic 
acid or Berthelot's hydrographite oxida 

The compound in question rapidly gives off water at 
250° C without undergoing distension; it is briskly attacked 
by ordinary nitric acid in the warm, and is converted — ^with 
liberation of red fumes — into an amorphous red - brown 
ffubstance that is soluble in nitric acid, alcohol, alkalis, 
ammonia, and pure water, from which, however, it is precipit- 
able by additions of neutral salts. The ammoniacal solution 
gives, after boiling off the excess of ammonia, light brown 
compounds with metaUie salts. The avenge composition 
of the nitro-product is — 

Carbon 52-27 per cent. 

Hydrogen .... 3-52 

. Oxygen (difference) . . . 41-4:5 „ 

Kitrogen .... 276 

10000 

On heating, this is decomposed, a smell of hydrocyanic acid 

> Possibly the aitrogen ia combined with w&ter, and the chlorine maj also 
be a, conatitaent of the Bsh. 

* Compl. Bend., lux. p. 911 ; abatncted in Chtm. Centralbl., 1389, p. 387, 
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being given off, and a black residue left, which latter is con- 
verted into a brown product by nitric acid. 

The above figures lead to tbe formula CjgH„(N'0g)0i, 
for the substance, which has received the name nitrographitoic 
acid ; Schiitzenherger and Boui^eois regard this as identical 
with the substance obtained by Eggertz by the action of 
nitric acid on iron, which product furnishes peculiarly brown- 
ish yellow solutions. On evaporating to dryness the nitric 
solution containing the chemically combined carbon as soluble 
nitrographitoic acid, and treating it with alcohol, the silica 
and graphite remain undissolved, whilst the nitrographitoic 
acid, etc, passes into solution. 

These two observers, in fact, have based on this 
behaviour a method for estimating graphite and combined 
carbon. 

Zabudsky ' dissolved in sodium-copper chloride a pig iron 
containing, apart from 4'104 per cent, of combined carbon, 
neither graphite, sulphur, nor phosphorus, and found that the 
dark brown residue, which behaved exactly like a carbohydrate, 
corresponded most neatly to the formula C^HaOj. The same 
composition was exhibited by the residue obtained by decom- 
posing the same pig iron by silver chloride, or by electrolysis, 
This carbohydrate can be easily nitrated, and readily furnished 
halogen, derivatives, e.g. the iodine compound Cgi^^alOis. 

Special interest attaches to the investigations con- 
ducted by E. Donath,* which will therefore be quoted 
verbatim. 

" Spiegeleisen in coarse lumps was treated, first with 
sodium-copper chloride solution at the ordinary temperature 
until the originally deposited copper had just re-dissolved (a 
tedious operation with the quantities taken), afterwards in 
the cold with a solution of ferric chloride slightly acidified 

' Prot. d. Journ. d. ruta. pkyt.-ehem. Oes., 1882, iji. ; Beriehte, ly. p. 916. 
* Oeslcrr. Zeits.f. Berg- «. EiUtenmsseti, 1895, p. 149. 
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with hydrochloric acid, and finally digested in the warm with 
very dilute hydrochloric acid, to make sure of the whole of 
the iron being dissolved. The hrowniah hlack residue was 
then filtered off, washed with hot water acidified with hydro- 
chloric acid, and iinally with hot water until the chlorine 
reaction had entirely disappeared, after which it was dried 
at 110° C, until constant. 

" The ultimate analysis of the residue gave the following 
values : — 

Carbon. Hydrogen. 

58'13 per cent. 2'52 per cent 

58-39 „ 290 „ 

57-86 „ 2-80 „ 

nevertheless, it was invariably contaminated with chlorine, 
although the washing bad been continued until the complete 
disappearance of the silver reaction ; but combustion with 
pure lime in a glass tube gave only 0'03 per cent, of 
chlorine from the residting silver chloride ; it gave a white 
incineration residue of 128 per cent., which, according to 
the quahtative examination, consisted almost entirely of. 
silica. 

" As can be seen, these results differ from those obtained 
by Schiitzenberger and Bourgeois to a not unimportant degree, 
which is not inexplicable, seeing that it could not be proved 
in either case whether chemical entities or mixtures were in 
question. It was, however, proved in both that on treating 
iron (which, like spi^eleisen, contains chemically combined 
carbon only) with cupric chloride, or cupric salts generally, 
the carbon of the dissolved iron remains behind, not in the 
condition of carbon itself, but as a carbon compound of 
decidedly oi^anic character, and containing hydrogen and 
oxygen, the formation of which substance cannot well be 
explained if it he assumed that the carbon is not combined 
with the iron in atomic proportions. This bi-ownish black 
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substance was then converted by means of nitric acid in the 
manner prescribed by the above-named workers, into the com- 
pound to which they have given the name ' nitrographitoic 
acid,' and exhibited the properties indicated by them," 

Donath rightly objected to the name nitr<^raphitoie 
acid, since it has by no means been proved that the body 
in question is allied in constitution with graphitic acid, 
or even that it is a nitro-derivative at all. He therefore 
proposes to confer on it the less definite name of carbazeic 
acid. 

" Attempts to obtain the substance in the foira of crystals 
from alcohol and other solvents, failed. Ultimate analysis 
gave the following figures : — 



Carbon. 


Hydrogen. 


Nitrogen. 


51-62 percent 


2'9 per cent. 


2-52 per cent 


51-80 


2-97 „ 


2-60 


51-89 „ 


2-86 „ 





" These values agree considerably better with the results 
obtained for this compound by Schiitzenbeiger and Bour- 
geois. 

" Particularly worthy of note is the high staining power 
of these solutions of nitrographitoic acid, though this is far 
surpassed by that of their ammonia salts, prepared by 
neutralising the acid with ammonia, and driving ofT the 
excess of the latter by evaporation in a water bath, a deep, 
black, lustrous, brittle product being thus obtained. It is 
undoubtedly to this substance that the characteristic colora- 
tion of the steel solutions prepared with nitric acid is due in 
the application of the ' Eggertz test.* When prepared pure, 
in the manner described, this substance is indubitably the 
most suitable for the preparation of normal solutions for the 
!E^ertz test, since it enables comparisons to be made with the 
same substance, and not merely, as is the case with burnt 
sugar, coffee, etc., with entirely different substances merely 
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furnishing similarly coloured solutions, or even with the 
mixed solution of the chloridea of iron, cobalt, and copper, 
afterwards proposed by I^ertz. The solution of ammonium 
nitrographitoate furnishes light to dark brown flocculent pre- 
cipitates with solutions of metallic salts. 

" The barium salt obtained in this way, gave, on analysis, 
the values — 

Carbon. Hydrogen. 

25'30 per cent. r25 per cent. 

24-96 „ ' 1-30 „ and Ba 41 70 percent. 

The lead salt contained 6078 per cent, of lead oxide." 

On comparing the researches of Schlitzenherger and 
Donath, it will be seen that Sehutzenberger and Bourgeois 
set up the formula CjjHflOg for their " graphite hydrate," 
whereas, according to Donath's report (assuming that only 
oxygen is present in addition to the carbon and hydrogen 
ascertained by the ultimate analysis), the formula works out 
to CftgHggOjj, or perhaps CboHmOso- This gives the atomic 
ratio, carbon : hydrogen = r833, or 1-757 and 1-764, and 
therefore a somewhat defective concordance, which seems to 
indicate that we have to do with a mixture of several sub- 
stances, and not with a uniform body. 

A comparison of the analyses of the nitro-products gives — 

Gaibon . . 52-27 per cent. 51-77 per cent, 

Hydrc^en . . . 3-52 „ 2-91 

Kitn^en . . . 2-76 „ 2-56 

Oxygen {by difference) 41-25 „ 42-76 „ 

which furnishes, by calculation, the formulae C22Hij(NOa)Oii 
and C47H3j(N02)j025. By doubhng the first of these we have 
C44Hg4(NOj)£Oj5, i.e. SCO less, but Hj more, than the formula 
deduced from Donath's analysis, thus supporting our previous 
hypotheeis. 
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According to Scbiitzenbei^er and Bourgeois, the for- 



For nitM^p^phitoic acid 

and (doubled) graphite hydrate . C^^H^ 



show a difference of . . . Hj (NOJOj 

whereas, accordii^ to Donath, the difference between 

Carbazeic acid .... ^a^i^^O^^O^ 

and " graphite hydrate " . CjsHgj O^ 

i, /-C„H, O,. 

a result equally speaking in favour of a mixture. 

Finally, if we compare the analyses of carbazeic acid and 
its barium salt (according to Donath) — 

Carbazeic Acid. Barium Salt. 

Carbon 51-77 per cent. 24-96 per cent. 

Hydrogen . . 2'91 „ 1-30 „ 

Nitrogen . . 2-56 „ 

Barium . ... 41-70 „ 

and divide the separate values by the corresponding atomic 
weights, we have — 

Carbazeic Acid. Barium Salt. 

Carbon . . 4-31 atoms 2-08 atoms 

Hydrogen . 2-91 „ 1-30 „ 

Kitrogen . . 0'18 „ 

Barium . . ... 027 „ 

which, when referred to a parity of carbon atoms, 

gives — 

Carbaznc Acid. Barium Salt. DifTerence. 

Carbon . . 4-31 atoms 4-31 atoms 

Hydrogen . . 2-91 „ 2-69 „ - 0-»3 atom 

Nitn^n . . 0-18 „ ... -018 „ 

Barium 0-56 „ + 0-56 „ 

an impossible result. 
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If, however, we remember that, in comparison with the 
barium salt, the acid must contain twice as many hydrogen 
atoms as the former has barium atoms, and hence calculate 
the composition of the acid on the basis of 269 + 2 x 0"56 
= S^Sl atoms of hydrogen, we obtain — 

Carl>azeic Acid. Barium Salt. Difference. 

Carbon . . 5'64 atoms 4'3I atoms - 1'33 atoms 

Hydrogen . . 3-81 „ 2-G9 „ - 1-12 „ 

Nitrogen . . 0-23 „ ... -0-23 „ 

Barium 0-56 „ +056 „ 

Consequently the acid must contain considerably more 
carbon than the barium salt, which is equally impossible ; it 
therefore follows that the so-called carbazeic acid is a mix- 
ture of compounds, only a portion of which can be pre- 
cipitated by barium salts. 

The analysis of the barium compound gives by calcula- 
tion the empirical formula CjiHg(NOj)Oj,Bag, which is so 
complex as to lead to the belief that this compound also is a 
mixture of diSerent salts. 

Osmond and Werth ' selected a steel of the following 
composition for solution by the Weyl method : — 



Carbon . 

SOicon . 
Sulphur . 
Phosphorus 
Mai^anese 



0'49 per cent. 
0-075 „ 
0-024 „ 
0-041 „ 
0-37 



The resulting residue was washed with water, alcohol, and 
ether, dried in vacuo, and weighed on a tared filter. The 
resulting data, as well as the method of treating the steel, 
are given in the subjomed table : — 



' Mtmunal de I'JriUltrU dt la Marini, IBS 
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Condition o( the Steel. 


Foiled 
«nd tfoolecl 


Forged 

and 

Heated tti 

Redness. 


Huilened In 
Cold W.ter. 


An"aled. 




percent. 


percent. 


percent. 


percent 


Compoaitiim of the dry residw— 

carbok : : ; : 

Water .... 
Total . . . 


78 ■« 

12-00 
8 '40 


82-38 
11-27 
6-40 


52-50 
18-90 
28-07 


88-22 
9-92 
5-48 


88 '80 


100-05 


97-47 


88-62 


Weight of dry residue in 
percentage of tha weight 
of the steel 


3'31 


4-11 


1-ei 


4-14 


PtTcenlage of C in the sleel— 
Cal. from above figures 

Loss of carbou 


0-897 
0-178 


0-463 
0-497 


0-306 
undetermin'd 


0-41 
0-497 


0-079 


0-034 


abt. 0-19 


0-087 


Absolute weight of dissolved 


11-2S0 


9-806 


11-620 


10-304 


■ Time occupied in dissolv- 
ing, hours 


6 


5 


5 


G 



These analyses, as well as the appearance of the samples, 
show the residue to consist of a mixture of grey magnetic 
spai^les of metallic appearance (apparently undecomposed iron 
carbide) with a blackish amorphous, gelatinous substance, the 
latter preponderating in hardened steel, but receding in im- 
portance in annealed steel. On calculating the iron content 
as carbide, and referring the results to equal quantities of 
carbon, we obtain — 



Condition QfSteeL 

Iron oarbide , 
Carbohydrate (!) . 

I1039 of carbon 


without 


Forged and 
Redness. 


Hardened In 
Cold Water. 




#J 


32Fe,0 


30Fe,C 


58Fe,C 
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Even though the carbohydrates in the two last colimms 
could be approximately expressed by the formulae — 

h/ \oh 

and 

H H H H 

I I I I 
H— C— C— C— C— OH 

I I I I 
OH OH OH OH 

or in a similar manner, it is still impossible to regard the 
first two as mixtures of the foregoing, and it is therefore 
evident that a thorough investigation is still necessary for 
the elucidation of the matter. 

It is, however, interesting to draw into comparison the 
results obtained by Sir Frederick Abel in his experiments 
referred to in the preceding chapter. On calculating to 
atomicities the figures there given, we obtain the following : — 



Condition ot the et«l. 


o.»«." 1 as," 1 — -^ 


other Sl«d. 


Oement Steel. 


Iron carbide . 
Carbohydrate (?) . 


C(H,0), 


15Fe,C 
C(H,0) 


21FeaC 


28Fe5C 



In both series of experiments the composition of the 
decomposition product of the carbide in annealed steel was 
the same, namely, C(HjO), or a multiple thereof. 

T. W. Hogg' treated one and the same steel (1 per cent, 
of carbon) in the cast and in the annealed state (in the form 
of bore turnings) with an excess of dilute nitric acid 
(sp. gr. 1-2), the vessel employed for the operation being 
immersed in cold water. In this manner he obtained residues, 
' Joara. Iran, and Steel Inst., 1896, vol. ii. p, 179. 
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which, after drying over concentrated sulphuric acid, gave the 
foUowii^ composition :— 





Annealed. 


Cast. 


Iron 


73-73 per cent. 


2-54 per cent 


Carbon 


8'43 „ 


49-41 


Water 


7-26 


22-40 


Nitrogen 


3-20 


8-25 


Oxygen (difference) 


7-38 „ 


17-40 „ 


Total 


10000 


100-00 



In the above analyses the water obtained on combustion 
was not calculated to hydrogen ; nevertheless, it would 
appear that a considerable part of the latter is not in com- 
bination with oxygen in the substance. 

On calculating this analysis in the same manner as 
before, we obtain — 

Annealed. Caat. 

Iron carbide . . . 43-9FesC l-SFcgC 

Carbon compound . S-SCiiHajOgjNs O-SCjH.OjN 

These formulfe do not agree at all closely with those 
obtained previously ; only one thing is clear, namely, that the 
composition of the organic residue from annealed steel is far 
more complex than it was in the natural condition. 

These nitro-products undei^o gradual decomposition, even 
at the ordinary temperature. 

Eug. Prost ^ carried out an exhaustive research on the 
influence of hydrochloric acid on alloys of iron and carbon. 
He allowed hydrochloric acid, of various strengths, to act on 
white p^ iron of the following composition :— 

Iron 85-920 per cent. 

Combined carbon . 2-685 „ 

Graphite .... 0-465 
Phosphorus .... 2-700 „ 
Silicon .... 0-915 
' Sen. Univ., September 1890, p. 308 ; Berg- u. HiUleitm. ZCg., 1891, No. 6, 
p. 14. According b) a priTitte conunanication, these rescsiohes were commenced 
in the laboratory, aud at the instigation of W. Spring of Li^, but completed 
in the laboratory of L. L. de Koninck. 
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In all caseB he invariably used sufficient acid to dissolve 
a weight of pure iron equal to that of the pig iron taken, 
according to the equation — 

Fe + 2HCl = FeClj + H3. 
The concentration of the acid was varied in definite d^ees, 
and each sample was warmed to about 85° C. for six hours 
on a bath. 

A comparison of the -residues showed, in the first place, 
that their appearance varied, and that the total residue 
{4-19 to 41"33 per cent.) was the greater in proportion as 
the acid was the more dilute (31100 to 2932 gnns. HCl per 
htre). The analysis of the residues further shows that their 
composition fluctuates ; it proves tliat — 

1. The percentage of carbon, hydrogen, and phosphorus 
increases (C = 2-35 to 1 254 per cent. ; H = 0-12 to 207 per 
cent.; P = 0-93 to 11-66 percent.). 

2. The percent!^ of iron decreases (91-80 to 23-22 per 
cent.) with the concentration of the acid. 

Still more instructive is the calculation of the con- 
stituents of the residue to a unif orm quantity of pig iron, e.g. 
to 1 parts. This procedure shows that, as the concentration 
of the acid, and therefore its attacking power, is increased, 
the residue contains — 

Iron 37-947 to 0-972 

Carbon .... 1-047 „ 0-625 
Hydrogen .... 0-050 „ 0-087 

The results for phosphorus are irr^ular ; the largest 
proportion of this substance in the residue is furnished by 
acid of medium conceutration. 

From these experiments the following conclusions were 
drawn by L. L. de Koninck : — 

" The quantity of acid consumed in the experiment, and 
the duration of exposure, being known, it is clear that the 



.coy Google 



CONSTITUENTS OF IRON ALLOYS AND CABBON 187 

pig iron, if it were a perfectly homogeneous maee, would in 
all cases entirely diasolve, or else leave a residue of con- 
stant amount and composition. Since this is not the case, 
one is compelled to assume that the pig iron contains 
different compounds, some of which are more readily soluble 
than the others. This deduction had already been drawn by 
Halm ' from the experiments made by him. It is also easy 
to explain why the residue is greater in the case of weak 
acid, and why the percentage of (original pig) iron left in 
the residue diminishes when the concentration of the acid 
is increased," 

This explains also the remaining facts observed, namely — 

1. That the amount of carbon in the residue diminishes, 
whilst the percentile of carbon therein increases, with the 
concentration of the acid. 

2. That the amount of hydrogen in the residue from 
100 parts of pig ii'on, and consequently the percentage of 
hydrogen therein, increases with the intensity of the action 
exerted by the acid. 

De Kioninck assumes that pig iron consists of pure iron, 
soluble in the most dilute acid, and of three carbides, each 
of which latter requires the action of a different strength 
of acid to attack it ; further, that — in accordance with 
facts — the effect of the acid on the various carbides afore- 
said is to form different hydrocarbon compounds, some of 
them gaseous or volatile, others solid at the ordinary tem- 
perature. Let P be taken to represent the weight of pig iron 
employed, a, a', a" the weight of carbon in the three car- 
bides, and A, A', A" the portion of a, a', a" remaining as 
insoluble oi^nic compounds after the action of the acid on 
carbide, whilst b, b', b" represent the weight of hydrogen 
fixed by A, A' A", and finally c, c', c" the weight of iron in 
the carbide. If the p^ iron be treated with so weak an acid 
' Ann. de Ckem, u. Pkarm., 129, p. 57. 
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that the carbide \b unattacked, the iron alone will he dissolved, 
and the residue will contain the three carhides, comprising — 

Iron =c + c' + c'' 

Carbon .... =a+a' + a" 
Hydrogen . . . . =0 

If the acid be sufficiently strong to dieaolve the first 
carbide, in addition to the iron, the residue wiU contain — 

Iron =c' + c' 

Carbon . . . . =A + a' + a" 
Hydrogen . . . . =b 

Finally, when the acid is strong enov^h to attack also the 
second and third carbides, the resulting residue will then 
contain — 

Iron . . =0" or =0 

Carbon . . =A + A' + a" „ =A + A' + A° 

Hydrogen . =b + b' „ =b+b'+b' 

On comparing these theoretical results, it is found that, 
in accordance with the increased action on the pig iron — 

1. The amount of hydrogen in the residue gradually 
increases from to a maximum. 

2. The proportion of iron decreases from a maximum 
to ; and that — 

3. The amount of carbon also diminishes, though not to 
0, since a portion of the carbon in each of the carbides is 
converted into fixed organic compounds insoluble in acids. 

Prost has shown that, unless the acid reaches a certain 
concentration, the residue remains blackish and dense ; but 
from this concentration onwards its appearance changes — a 
result necessarily ensuing if the assumption of the presence of 
different carbides in p^ iron be correct. Again, the divergent 
effects produced by the action of nitric acid on iron carbide are 
ascribed by de Koninck to the presence of different carbides. 
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whilst others endeavour to explain them by assuming the 
presence of semi-eombined carbon — an assumption, however, 
which proves merely that carbon is presumed to occur in at 
least two forms (in addition to graphite) in iron. In pig 
iron, however, the carbides ' undoubtedly form the chief con- 
stituent ; and, moreover, the above considerations on the 
carbon compounds would also be applicable to such other 
metalloids as may be contained in pig iron. 

Prost remarks that the amount of hydrogen present in 
the insoluble residue is such that it cannot be exclusively in 
combination with the carbon. With regard to this interest- 
ing circumstance he promised to make further experiments. 

Furthermore, the same worker treated 500 grms. of pig 
iron with an acid containing 310 grma of HCl per Htre; 
the washed and dried residue was extracted with absolutely 
pure ether, and furnished a brown solution which, on evapora- 
tion and drying, gave a pappy blackish brown residue, con- 
taining — 

Cai'bon 79'70 per cent. 

Hydrogen .... 10-75 „ 
Other elements . . 9'55 „ 

According to de Koninck, this composition corresponds 
well to the atomic ratio CgHj or G^Ha- Prost did not ascertain 
whether the remaining 9'55 per cent, consisted of oxygen ; 
should, however, this be the case — and in the main it can 
hardly be otherwise — the atomic ratio corresponding with 
this composition would agree with the formula CiiHigO.' 

Hence the hydrocarbons formed during the solution of 
iron carbides by hydrochloric acid would subsequently absorb 
oxygen (probably from the air). 

Sulphur, in the form of an organic compound, was found 
by Prost in the residue from pig iron. 

' De Eouinck erroneoUBl; givea OigHuOg. 
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CHAPTER IV 

OPINIONS AND RESEARCHES ON COMBINED 
C ARBON — ( CorUinvation) 

The most important investigations on the action of nitric 
acid on carboniferous iron are those performed by Osmond 
and Werth.^ 

Comparative examinations by the methods of I^gertz and 



£ggertz*s Method. Boussignault's Method- 
Ordinary steel . 0-50 C per cent. 0492 C per cent 
Hardened steel . 0-325 „ 0-52 „ 
Steel first hardened, then 

qvuckly heated in the 

forge fire, and cooled 

in the ashes . 048 „ 0537 „ 

Wrought steel . 0-52 

Since hardened steel is soluble in nitric acid without 
leaving any residue of carbon, and as the coloration of the 
nitric solution was equal in both cases, the experimenters 
endeavoured to ascertain whether the deficit in carbon 
revealed by the E^ertz method had escaped in the form of 
gas from the solution. 

On carefully observing the phenomena occurring during 
the action of 24 deg. B. nitric acid (25 cc. per 5 grmB. of 
steel) on one and the same steel in the natural and hardened 
condition, the following occurrences could be noticed : — 

The dasks were set in a water bath at a tempera- 
ture of 15° C. in order to minimise the increase of tempera- 
' Miimorial de VArtHUrU «U la Marine, 1887, p. 227 rf «j. 
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ture during the reaction. The iron waa the first to dissolve,. 
which it did in about five to six minutes, with a brisk dis- 
engagement of gas. At this instant both liquids were 
almost colourless. 

The hardened steel left behind, at the bottom of the 
vessel, an intensely black substance, which dissolved without 
any liberation of gas, and that almost immediately when 
agitated, or in two or three minutes when left at rest, the 
liquid then turning dark brown. Finally there was left 
behind a light, brown gelatinous residue, which dissolved only 
at an extremely slow rate in the cold. 

After the iron had dissolved, the sample of natural steel 
left only a light, black residue, which waa otherwise identical 
with that from the hardened steel, dissolved with equal modera- 
tion, and imparted a somewhat faiut coloration to the liquid. 
On the other hand, a large number of blackish brown flakes 
floated about in the liquid, and gi-adually collected into a 
gelatinous pale brown 'mass, similar to that furnished by 
hardened steel, but more voluminous. 

These flakes, filtered immediately after the hardening 
carbon had dissolved, and then dried at 100° C, gave — 

Carbon ..... 44-59 per cent. 

Water 22-50 „ 

Iron 8-05 „ 

Oxygen and Iifitrogen . 24-86 „ 

100-00 

This 1 would correspond to 2 6C -J- 9B.^0 -1- Fe -f- 11(0 -t- N). 
Assuming that of the 11(0 -|-N) only 1 atom was nitrogen, 
the other 10 being oxygen, the formula might then he 
written, FeC^e{H^O\0^(l!iO^). 

On parting with their iron they become transparent and 
gelatinous. 

' H. V. Jttptner, " Kohlenatoflffonnen im Eisan," Stuttgart, 1896. 
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On the precipitates being filtered in tbe cold and 
then treated anew with 25 cc. of nitric acid (sp. gr. 
1"2) at 100° C, they dissolve without any apparent dis- 
ei^gement of gaB, and impart an unequal d^'ee of brown 
coloration to the liquids ; the intensity of this coloration 
appears to Btand in relation with the volume of the precipitate 
attacked. 

If now the first brown liquids (which were separated 
from tbe insoluble residues by filtration) be warmed to 
100° C, they are both decolorised, with liberation of gas ; the 
solution from the hardened steel, however, bleaches, more 
completely than the other ; the evolution of gas appears 
brisker here and more copious there. 

When, instead of immersing the vessel in cold water, the 
liquid is heated direct to 100° C, the same phenomena appear 
in the same order, but more quickly. This may be expressed 
in figures that were quite accidentally discovered among a 
number of others. 

Steel with 0-85 per cent, of Carbon. 
If we take L^ to represent tbe coloured liquids obtained, 
immediately after the solution of the metallic iron and the 
hardening carbon, by filtering off the undissolved substance 
P in tbe cold ; L^ as the coloured liquids obtained by re- 
peatedly warming the residue at 100° C* ; dilute all these 
solutions to 50 cc, and compare them with normal steel, we 
then have — 

Apparent Carbon Content of the Steel- 
Natural Hardness. Hordeued. 
L| (heated for 2 minutes > -> 

at 100° C.) . . 0-56 ( , ,„ , 0-91 ( , ,- 

T /L .j« on ■ . W-12 percent Vl'17 per cent. 

I^ (heated for 20 mmutea ( I 

at 100° C.) . . 0-56 ^ 0-26/ 

' If tbe heating be effected at 14° C. with 12° B. odd, or at 0° C. with normal 
24' 6. acid, the liquid L, will be greenish. 
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On comparing the two types of solution again after heat- 
ing to 100° C. for 45 minutes and 1 hour 45 minutes 
respectively, we find — 

Apparent Carbon Content of the Steel — 
Natural Hardneas. Hardened, 

After 45 minutes — 
Lj (strong escape of gaa) 0'28\ ^ 
Lj (no „ „ ) 0-50/ '" "" 0-24i ' 

After 1 hour 45 minutes — 
Li (slight escape of gas) 0-24\ ^.„q 0'30\ j,, .j, 

L,(no „ „ ) 0-45/ " 018/"*" " 

Under normal conditions 

the Eggertz test gave 0-81 „ 0'41 „ 

Hence both the natural and the hardened steel imme- 
diately after the attack gave perfectly similar colorations 
(1'12 and 1'17 per cent.). The subsequent heating of Lj pro- 
duces the difference ; the solution Lg bleaches regularly and 
only to a sl^ht extent. 

It still remains to show that the decoloration of 
L^ is accompanied by a loss of carbon in the gaseous 
state. 

In order to determine the carbon liberated in this manner, 
the gas escaping with the excess of oxygen during normal 
solution was passed through an apparatus consistii^ chiefly 
of— 

1. A condenser. 

2. A tube filled with copper turnings and heated to 
redness, to decompose the oxides of nitrogen. 

3. A tube containing copper oxide, also heated to red- 
ness, to ensure the complete combustion of the carbon. 

4. Drying tubes. 

5. A. Liebig's bidb apparatus for the absorption of carbon 
dioxide. 

The average results furnished by a number of experi- 
13 
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ments with steel containing 0'85 per cent, of carbon, 
were — 

steel— 
Nfttural Hardness. Hardened. 
Carbon liberated in the gaseous state 0-342 per cent. 0'500 per cent 
Remainder passed into solution . 0-508 „ 0-350 „ 

Total .... 0-860 „ 0-850 „ 
The eoloration of the solution gave , 0-772 „ 0-480 „ 

It is thus seen that the coloration of the solution is 
apparently proportional to the amount of carbon actually 
present therein. 

If K be taken to represent the coefficient with which the 
carbon content found has to be multiplied in order to obtain 
the actual amount of dissolved carbon, we then have — 

For steel of natural hardness . . 0772 K = 0-508 

For hardened steel .... 0480 Z = 0-350 

which givefor K the values 0-658 and 0-729, thus exhibiting 
a satisfactory concordance. 

The nature of the gas in which the carbon is contained 
appears to vary, within certain limits, with the conditions of 
solution. 

COj and HON were detected ; but in addition a part of 
the carbon escaped in a form which was not absorbed by 
caustic potash (CO or hydrocarbon). This latter portion 
seems to be characteristic for the hardening carbon. 

By treatment with ammoniacal BaClj solution (for COb) 
and AgNOj (for HCN), the actual amounts of CO^ and HCN 
obtained during solution were determined as follows : — 

Uatbon liberated in the Steel- 
Gaseous State as— Natural Hardness, Hardened. 
COj . . . 0-215 per cent. 0-246 per cent 
HON ... . 0050 „ 0'044 „ 
CO or Hydrocarbons (A) 0-077 „ 0-210 „ 

Total ■ . 0-342 O'SOO 
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The presence of gaaes unabsorbed by caustic potaab ie 
highly noteworthy. It was proved by inserting a potash 
apparatus between the Cu and OuO tubes of the above 
apparatus. The second Liebig bulb apparatus at the end of 
the combustion tubes supplements the weight for hardened 
steel, but not for steel in its natural state of hardnesa 

These observations fix, by definite phenomena, the differ- 
ence between hardening and cement carbon. 

Stimulated by the foregoing experiments, the present 
author ^ has worked out a colorimetric method for the deter- 
mination of hardening and carbide carbon ; and as a few of 
the researches entailed in this process are of interest, they 
may be repeated here. They were based on the following 
samples of steel examined by A. Ledebur :■ — ■ 



CoDBtJtuents. 


- 


B. 


C. 


-■ 




Percent, 


Percent 




Percent. 


Tempering carbon 




0'17 








0'64 


0-13/ ^ "^ 


(0-71 


0-38 




0-14 


(0-22 


0-GB 


Total carbon 


0-78 






0-93 


Silicon .... 


0'37 


076 


0-11 


0-11 


Manganeae .... 


0'26 


0-40 


0-11 


0-11 


Phoaphoina .... 


0-01 


0-07 


0-08 





A and B were annealed, C cooled in the ordinary manner, 
and D hardened in water. The other kinds of steel examined 
in the course of these researches were cooled in the ordinary 
way, but their content of hardening and carbide carbon was 
not determined gravimetrically. 

As a rule 0"2 grm. (in some cases more) of the sample 
was taken, suffused with 10 c.c. of dilute nitric acid (2 vols, 
of concentrated acid and 3 vols, of water) in a test-tube, 
which was then set in a vessel of cold water. With frequent 
shaking, solution was quickly effected. After all liberation of 

' /crum. Inm and Sled Inst., 1897, vol. i.; SlaJilii. Eiaen, 1897, No. 14, 
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gas bad ceased, the liquid was passed (without waehing) 
through a dry filter " hardened " with nitric acid, and 2 c.e. of 
the filtrate taken in a measurlDg tube for comparison with a 
similarly treated solution of normal steel. When the steel 
under examination contains only small quantities of hanlening 
carbon, the solution asBumes a greenish colour, which binders 
comparison. For exact determinations in such cases it is 
therefore necessary to use a normal steel that also fumishes 
greenish solutions, or else a larger quantity of substance is 
weighed out. By this method the following average values 
were obtained : — 



— ■ 


Hardening Orbon. 


. 




Difference. 


A . . . . 
B . . . . 
. . . . 


0-1*0 
0-128 
0-218 


0-14 

0-13 
0-22 


0-000 
-0-002 
-0-002 



The behaviour of the above solutions on prolonged 
standing and on warming to 80° C. was then examined, 
and in both cases a gradual bleaching was observed. In the 
firat case (twenty-four hours standing in the cold) the loss of 
hardening carbon is very slight, as the following figures will 



Sample. Losa of HardeniDg Carbon. 

A . . 0-14x0167 = 0-02338 per cent. 

B . . . 0-13 x0219 = 0-02847 „ 

C . . . 0-22xO-069 = 0-02518 „ 

F . . . 0-09x0 276 = 002484 „ 

BO that no appreciable error results from leaving the solutions 
to stand for several hours. When it is remembered that the 
amount of this loss is influenced to a considerable extent by 
an alteration of O'l c.c. in the volume of the compared liquids, 
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it becomes probable that, for equal periods of time, the same 
depends solely on the eupei-fieial area of the solutions in 
question, and is therefore attributable to a process of oxidation 
under the influence of atmospheric oxygen, or to volatiliBation 
of the carbon compounds. 
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Fig. 81. 



The case is different when the solutions are heated to 
80° C, the loss of carbon then rapidly increasing with the 
amount of hardening carhon present, as the following figures 
will show : — 



Simple. 




After 30 MinuWr Heating M W C. 


ingCurbonpreBHit 

0-0355 
0-0520 
0-0560 
0-OS80 
0-0920 


Decrense of Colora- 
tion in per cent. 


Low of HsnieiiinK 


E . 

B . . . . 
A . . . . 
C . . . . 
F . . . . 


17-3 
13-5 
19-3 
38-9 
48-7 


0-006H 
0-00703 
001079 
03426 
0-04178 



This is shown still more clearly I 
eentation given in Fig. 81. 



■ the graphical repre- 
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The progreee of the colour chaise in relation to the 
duration of beating is given in the subjoined table : — 







Volume of HMdenlr^ Carbon 
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No. 
































































Min. 


Min. 


Min. 


Uin. 


H,n. 


Min. 


Min. 


Min. 


Min. 


Uln. 




A' 


R'O 


?-R 


?-fi 


?-a 


fl-1 


100-0 


S3 -3 


Rfi-7 


78-7 


70-0 






M-W 






w 


■^■1 


100-0 


90-6 


90-6 




65-6 


a 


(M 


7-3" 


s-s 


4'9 


4-9 


4-« 


100-0= 




R7-1 


fi7-l 


63-0 


4 


¥> 


2-e 


U-B 


l!-4 


Si-1! 


2-3 


100 


89-6 




75-8 


79-3 


fi 


\ 


3-9 








a-? 


100-0 








82-1 




It 


K-N 








a-n 


100-0 








78-9 


7 


C 


6-3 








6-6 


100-0 








87-3 


8 


A 

B 


8-9 
3S 




2-0 
Tfl 






100-0 
100-0 




61-3 
64-3 






10 


II 


li-V, 




3-0 






100-0 




57-7 






11 


F 


6B 




a-a 






100-0 




62-7 






12 


A 


4 8 




2-2 






100-0 




B2-4 






IK 


VI 


!fh 




'X-H 






lOO-O 




65-7 






U 


1! 


fi-[> 




3-M 






100-0 




58 '2 






15 


F 


6-'2 




3-1 






100-0 




60-0 







Another, and in some cases preferable, method of deter- 
mining the hardening carbon is by dissolving the steel as 



B^pl«. 


Series ol ExpcrimenU. 


1 ' * 




A . . . . 
B , . , . 
C . . , . 

1 Mean 


'01 911 
0-01793 
0-01796 


0-02800 
0-02737 
0-02933 


■02546 
0-02261 
0-02760 


'01834 


0-02823 


02519 



* The initial t«iiip«rsture waa below 70° C. ' Turbid, bnt cleared on lieating. 
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before in cold dilute nitric acid, filtering the solution through 
a dry hardened filter, heating an aliquot part to 80° C. on the 
water bath, and then comparing the depth of colour. This 
method furnished the above results (after thirty minutes at 
80' G). 

With regard to the estimation of the carbide carbon, the 
next step was to dissolve in dilute acid at 80° C. the residue 
on the hardened filter from the preceding operation. As 
before, the metal was dissolved in 10 cc of cold dilute nitric 
acid, the residue collected on a dry hardened filter, the filtrate 
employed for the determination of the hardening carbon, the 
filter well washed with distilled water, and transferred with 
its contents to a test-tube, there suffused with 10 ce. of 
dilute nitric acid, and afterwards warmed at 80° C. on the 
water bath until the residue was completely dissolved. After 
the filter fibres had settled down, 2 cc. of the clear solution 
were placed in a measuring tube and compared with the 
normal solution. The followii^ are some average values 
obtained by this means : — 



Bunple. 


Carbide C„bon,p,r«„,-. 


O^vimetric. 


Colorimetrio, 


DiOerence. 


A. 
B. 
C. . 


0-64 
0-90 
0-71 


0-65 
0-95 
0-70 


+ 0-01 
+ 0'06 
-0-01 



As the foregoing figures show, the differences furnished 
by this method are greater than occur in the estimation of 
hardening carbon, which may he due in part to the loss of 
carbon in filtering, but chiefly to the fact that, in dissolving 
the steel at 80° C, various amounts of the solvent are volatil- 
ised according to the time required for the operation and the 
superficial area of the liquid, the result being that the amount 
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of liquid pipetted off does not exactly correspond with that 
taken into calculation. Moreover, small particles of the 
carbide may remain unnoticed in the fibres of the filter paper, 
thus leading to a deficit of carbide carbon in the solution. 
In order to minimise this difficulty as much as possible, and 
to simplify the work, the following (second) method for the 
simultaneous determination of hardening and carbide carbon 
was devised : — 

To determine the hardening carbon, 0-2 grm. of steel is 
dissolved in dilute nitric acid (2 : 3) in the cold, i.e. by setting 
the vessel in cold water. The solution is shaken up fre- 
quently, and, when the evolution of gas has apparently ceased, 
is well mixed up and filtered through a dry hardened filter 
without washii^. Two c.c. of the filtrate are taken for the 
determination of the hardening carbon, by direct comparison 
with the standard solution, whilst another 2 cc. are set aside 
for the present 

Meanwhile, for the estimation of the carbide carbon, 0'4 
gi-m. of the sample is weighed out, treated with 10 c.c of 
the aforesaid dilute nitric acid and the 2 cc of hardening- 
earbon solution just mentioned, and warmed to 50° C. on the 
water bath. As soon as complete solution is obtained, both 
series of solutions are taken from the water bath and com- 
pared with the same standard solution. The compared volume 
of the hardening-carbon solution warmed to 80° C. is deducted 
from the compared volume of the solution of the total carbon, 
thus leaving a volume of solution corresponding to the carbide 
carbon, from which the percentage of carbide carbon can be 
easily calculated. 

For the comparison it is convenient to employ an un- 
changeable empirical standard solution, consisting of a slightly 
acidified solution of FegClg and CoClj ; the addition of hydro- 
chloric acid must be made with care, since otherwise the 
colour of the solution may become too green. If a high 
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degree of accuracy be desired, it is advisable to employ, for 
comparisoQ, two standard solutions differing but slightly in 
shade. 

Should the measuring tubes used for the comparison not 
be exactly equal in width, as may be ascertained by compar- 
ing the interval between the graduations, a correction (by 
volume) can easily be made when it is remembered that the 
depth of colour in any solution is directly proportional to the 
thickness of the stratum of liquid, and hence in inverse pro- 
portion ^ to the root of the heights of equal volumes of liquid. 
The colorimetric determination of hardening and carbide 
carbon is an easy, quick, and satisfactory method. It is 
nevertheless attended with certain difficulties, which must be 
mentioned. One of the chief sources of error is the readiness 
with which the carbide is attacked by acids, in eoneequenee 
of which it is somewhat difficult to obtain standard samples 
of steel with an accurately known percentage of hardening 
and carbide carbon. 

Furthermore, the solution of carbide carbon in dilute 

nitric acid is not perfectly stable. The following table shows 

the loss of carbon in these solutions (or, more correctly, the 

degree of decoloration) after prolonged standing, expressed in 

■ milligrams : — 





Carbide C«rbon 




LoM or Carbon 


in mgrnis., after Htandiag- 


Sumple. 




Twenty.four 






memiB. 








A . 


0"2e2 




0-014 











360 


015 




0-013 (0-023) 


007 (0 035) 


B . 


fl 


380 






000 









538 


0'044 




0-052 (0-ose) 


0-020 (0-118) 


" ■ 


0-04(1 


... 


0-015 







As the above figures show, this alteration is, however, a 
' For eiamples see the references already cited. 
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slight that no appreciable error is produced, even if the liquid 
be left to stand for several hours. 

The solutions of the hardenir^ carbon, however, behave 
in a very different manner. It has already been stated that 
these solutions, when wanned, are more strongly bleached in 
proportion as their content of hardening carbon is greater. 
Moreover, the colouring power of the original solution appears 
to differ according to the variations in the carbon content, 
even in the case of one and the same steel in a hardened and 
in the annealetl state. Thus the samples C (natural hard- 
ness) and D (the same steel hardened in water) gave the 
values — 



Harbeniko Caebok. 



a.mple. 




c 






D. 




No, 


per cent. 


percent. ' 


percent.' 


percent. 


Gnunmetric 
percent. 


percent. 


2 
8 
4 
5 


0-2880 
0-2250 


0-22 
0-22 


+ 0-0160 
+ 0-0050 


0-3730 
0-8940 
0-3877 
0-3730 
0-3568 


0-55 


-0-1770 

-0-1660 
-0-1823 
-0-1770 
-0-1832 


"•" 


0-2310 


0-22 


+ 0-0110 


0-3729 


0-55 


-0-1771 


Carbide Cabbok. 


1 

2 


0-7102 


0-71 
0-n 


+ 0-0002 


0-4345 
0-4056 
0-4042 


0-88 


+ 0-0548 
+ 0-0256 
+ O-0242 


Mean 


0-7102 


+ 0-0002 


0-4147 


+ 0-0347 



This shows the necessity — in the estimation both of the 
hardening carbon and the total carbon, by the ordinary 
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E^ertz method — of usiag standard steel containing as nearly 
as poBBible similar percentages of both total and hardening 
carbon. 

The matter in question is a loss of carbon occurring 
in the Eggertz test, to which attention was first 
called by H. J. Howe,^ who referred to it as " misang 
carbon," and with regard to which T. W, Hogg ^ published 
an interesting research, which must now be dealt with at 
length. 

When nitric acid of sp. gr. 1-3 is used, the colorimetric 
test furnishes results which are classified by T. W. Hogg as 
follows :— 



C.«U««.,^lh.O„^i.O,.S».,. 


E.»t0.C0ldA0id. 


(a) Amorphous carbon . 
(6} Horraul carbide . 

(c) Dissolved carbide . 

(d) Unknown carbide . . 


Black, ineoluble. 

Black, magnetic, insoluble. 

lution of CO^ or forming a colourless 
compound. 



(a) (Amorphous carbon), which is also left unattacbed 
by hot acid, can only appear in steels rich in carbon 
and low in manganese ; ^ (5) is decomposed by hot nitric 
acid, both the iron and a brown nitro-eompound passing 
into solution ; (c) is dissolved even by cold acid, a brown 
nitro-compound being formed ; finally, Hogg regards the 
condition (d) as identical with the so - called hardening 
carbon.^ 

' Joura. Iron and Steel Inst., 18S6, vol. i. p. 170. 

' Jeum. Iran mid Sletl Iitst., 1886, vol. ii. p. 179. 

' Tempering carbon. 

* According to Osmond and Werth, hardening carbon is that form of tlie 
element which is dissolved b; cold dilate nitric acid, and therefore comprises the 
forms (cjand (rf) of Ho^. Moreover, it is by no meana certain that there exists 
a definite form of carbon behaving like Hogg's form (rf); it ie quite possible that 
the different forma of carbon should possess unequal colouiing properties. 
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It is thus evident that Hc^, like the author ^ and others, 
was led to aesunie the existeDce in steel of a hitherto un- 
known form of carbon. 

Ho^ gives the followiug table relating to steels of in- 
creasing carbon content, and with 04 to 06 per cent, of 
manganese, hardened in cold water: — 



enWee of Toti 



Actual Carbon Con- 






muedCirbonln 






peroent. 


percent 


0-10 


0-08 


0-14 


o-io 


0-21 


0-10 


0-26 


OlS 


0-30 


017 


0-85 


0-17 


0-39 


0-23 


0-i6 


0-25 


0-60 


0-28 


0-82 


0-41 


0-70 


0'85 


075 


0-32 


0-84 


0-35 


0-92 


0-41 


1-00 


0-60 


1-25 


074 


1-50 


I'lO 


1-84 




1-70 


1-35 


2 '40 


210 


3-10 


2-82 


8-50 


6-60 



0-12 


48-00 


0-13 


48-33 


0-18 


51-48 


0-16 


41-02 


0-20 


44-44 


0-22 


44-00 


0-21 


33-87 


0-35 


50-00 


0-43 


57-33 


0-49 


E8-33 


0-51 


65-43 


0-60 


50-00 


0-61 


40-80 


0-40 


26-66 


0-81 


18-90 


0-35 


20 '58 


0-30 


12-50 


0-28 


9-03 


000 


0-00 



The alloy, with 3-1 per cent.', contained merely traces 
of amorphous carbon (tempering carbon), manganese, and 
silicon. 

The alloy witli 6-50 per cent, is a ferromanganese ; in 
this case rapid oooling does not appear to exert any influence 
on the carbon. 

It is certainly very remarkable that the Eggertz test 

' " Kohlensbifnbi'nieD Im Eiaen" (Foima of carbon in Iron), Dr. Ahrens' 
CollectioD of Chem.-Techn. Lectures (SaDimlimg oheDi.-techn. Vortrage), vol. i. 
p. 453. 
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should have given a maximum of loas in the case of a 
hardened steel with about 0'88 per cent, of carbon, ie. a per- 
centage corresponding with Profeeaor Arnojd's saturation point 
(with 0-89 per cent. C).^ 

B^ing on Arnold's theory, E. H, Saniter put forward 
the following calculation in the discuBsion on Ho^'s re- 



It follows from Ho^'s table that O^SO per cent, of 
carbon in hardened steel — i.e. 100 per cent, of Arnold's 
sub-carbide (Fe^C) — gives the same coloration as 0"385 
per cent, of carbon ' as normal carbide (FejC). If now, 
in steel containing less than 0'89 per cent, of carbon, 
this latter be present solely as sub-carbide, whereas in 
those with a higher percentage of carbon it occurs in 
alternating amounts of FejjC and FejC (in accordance 
with the excess of carbon beyond the saturation point), 
the intimate composition of the quenched steel will work 
out as follows:^ — 

For quenched steel with 1 7 per cent, of carbon 
the saturation point will, for example, be reduced to 
0'76 per cent, of carbon, i.e. not more than 076 per cent. 
can exist as Fe^jC, the rest being then necessarily present 
as FejC. 

For hardened steel with less than 0-89 per cent, of 
carbon, the result of the Eggertz test works out according to 
the equation — 

Total carbon X 0-385 
0-89 

For quenched steel with more than 0'89 per cent, of 
carbon, it was assumed that the carbon of the carbide FejC 

' JfinirfM of Froeeedinga of lite Inst, of Civil Eng., vol. ciiiii. p. 127- 
162. 

'Calculated proportionately from the values for 0'84 and 0'92 per cent. 
ofC. 

* Saniter's cousluaions appear somenliat hazardous. 
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gave the full colour value (1), whilst that of the Hub-earbide 
calculates out as — 

Sub-carbide x 0'385 



0-89 



By the aid of thia method, and on the basis of H(^'b 
reports, Saniter calculated out the followii^ table : — 



Cidcul&tal 
Dlth 


Huxl«ned Steel 


Crbon 




pert^ent. 












Fe. 


F.,C. 


Fe„0. 


(Hogg)- 


Found by 
HORC. 






88-7 




11-3 


0-10 


0-Ofl 


0-043 


-0-017 


84-2 




16-8 


0-14 


0-10 


0-06 


-0-04 


78-3 




23 '7 


0-21 


0-10 


0-OB 


-0-01 


71-8 




28-2 


0-25 


0-13 


o-it 


-0-02 


66-1 




33-9 


0-30 


0-17 


0-13 


-0-04 


60-5 




3g-5 


0-35 


0-17 


0-15 


-0-02 


55-9 




44-1 


0-39 


0-23 


0-17 


-0-08 


4»-2 




50-8 


0-46 


0-25 


019 


-0-08 


43-5 




66-6 


0-50 


0-28 


0-22 


-0-08 






70-1 


0-82 


0-41 


0-27 


-0-14 


20 B 




79-1 


0-70 


0-36 


0-30 


-0-05 


15-3 




84-7 


0-75 


0-32 


0-32 





5 1 




84-9 


0-84 


0-35 


0-36 


+ 0-01 




6'-5 


99 '6 


0-92 


0-51 


0-41 









2'0 


98-0 


1-00 


0-50 


0-50 









6-35 


93-35 


1-25 


0-74 


0-78 


+ 0-0* 






10-7 




1-50 


1-10 


0-98 


-0-12 






13'05 


86-95 


1-84 


1-SS 


1-20 


-0-13 








85-9 


1-70 


1-35 


1-27 


-0-08 






26 25 


73-75 


2-40 


210 


2-18 


+ 0-03 






38-4 


61-6 


a-10 


2-82 


2-79 


-0-03 



The ^reement between the calculated carbon content 
and that found by direct colorimetric examination is certainly 
remarkable. 

Albert Sauveur states that the ratio between the 
colorimetric carbon deterioration and the percentage of total 
carbon in hardened steel is almost constant, up to about 1 
per cent., with only two exceptions. If, however, the carbon 
percentt^e exceed 1 per cent., the colorimetric loss of carbon 
rapidly decreases. To explain this, he draws into considera- 
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tion the microscopic structure of hardened steel with difierent 
percentages of carbon. It is known that — 

1, The carbon of hardened steel appears as carbide carbon 
(in cementite) and as hardening carbon (in marteneite), 
and 

2. That the loss of carbon occurring in the examination 
of hardened steel by the Eggertz test is confined entirely to 
the hardening carbon. 

Sauveur calculated the following table in the subjoined 
manner : — 

If c be the total carbon in the steel, x the percentage of 
martensite, and y that of the cementite, we have— 

a; + y=100 
and, since the martensite contains 0'9 per cent., whilst the 
cementite contains 667 per cent, of carbon^ — 
O-QOx 6'67y_ 

These two equations give — 

lOOc-90 



" 577 

and therefore the percentage of cement carbon is — 
( 1Q0C- 9Q) 6'67 
577 ~ 
whilst the rest is martensite carbon. 

In the following table the columns 3 and 4 give 
the percentage of martensite and cementite cai'bon in 
the steel, whilst the two final columns show the waste 
of carbon produced in the Eggertz test, expressed in 
percentages of the total carbon and martensite carbon 
respectively. 



[Table 
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Crbon 
(Hogg). 


"^"^r;!'^ 


1 


. 


II 


•s 


Deoresse of Carbon 


MutenuU. 


o™...».. 


|3 


Totol 
Cuban. 


Carbon. 


percent. 


percent. 


per cent. 


f^ 


percent 


c^t 


perceni-. 


«rc™t 


O'lO 


85M+]5'f 












0-04 




40 


o-u\ 









14 




0-04 


2» 


2S 


0-21 









21 




0-10 


48 


48 


0-25 









25 




0-12 


48 


48 


0-30 









30 




0-18 


43 


43 


0-35 








35 




0-18 


51 


51 


0-39 


100 








39 




0-16 




41 


0-45 





45 




0-20 


44 


44 


0-50 









50 




0-22 


44 


44 


0-62 









62 




0-21 


34 


34 


0-70 









70 




0-36 


50 


. 50 


0-75 









75 




0-43 


67 


57 


0-84 J 









84 




0-4S 


58 


68 


0-92 


B9-65 


0-35 





90 


0-02 


0-51 


55 


57 


1-00 


98 


2 





8fl 


O'll 


0-50 


■60 


56 


1-25 


»i 


6 





85 


0-40 


0-61 


41 


60 


1-50 


BO 


10 





81 


0-69 


0-40 


27 


49 


1-64 


87 


13 




78 


0-86 


0-31 


19 


40 


1-70 


88 


14 




77 


0-93 


0-35 




45 


2-40 


U 


26 




67 


1-73 


0-30 


12 


45 


3'10 


62 


3S 




56 


2-54 


0-28 


9 


50 


6 '50 


3 


97 


0'03 


8-47 


0-00 










Mean 


47 



The above decrease of carbon, therefore, amounts to 
47 per cent, of the martenaite carbon present, or, apart 
from the abnormal values, 29 and 34 per cent., 49 per 
cent. 

Thus about one half the martensite carbon escapes de- 
tection by the eolorimetric method. This coincides precisely 
with the carbon determinations made by Howe,^ who found a 
loss of 45 per cent, in the case of Bteel with 0'21 per cent, 
of carbon after quenching above the critical point ; it also 
agrees with the figures of Osmond and Werth, according 
to whom the loss of carbon in a steel with 0'90 per 
cent, of C amounted to 47 and 51 per cent. From this, 
Sauveur concludes that the diminution of carbon stands 

'" Hardening of steel," ./imni. iTimand SUcl I-nat., 1895, iL p. 268. 
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in a conatant relation to the percentage of carbon in the 
martensita 

Howe'a treatise, already referred to, is of special interest, 
when, as in our case, it is a question of determining the 
different forms of combined carbon in general With steel 
with 02 1 per cent, of C he obtained the following 
figures: — 















piphic 




HutleiiinK 












Bo. 


sre 






percent 


























PearUte, 


F«rrite. 


6 


880 1 






0-092 










7 


836 






0-085 








1 




797 


Above Ar, . 




0-102 


S 


100 




\ 


16 


761 






0-082 


■P 






1 


16 


733 J 






095 


* 






} 


12 


7U \ 
713 / 


Commencement o[ 1 


0-102 


i 


97-20 




2-80 


18 


Ar, . 


.\ 


093 


S 


88-00 





14-00 


8 


698 


Middle of Arj 




o-oee 




70-20 




29-80 


5 


662 1 




r 


o-ioo 


35-20 




64 '80 


14 


6S0 1 


Between Ar, 


uidj 


0-084 


30-80 




69-20 


21 


883 f 


Ari . 


■1 


0-084 


32 00 




68-00 


10 


826 J 




0'084 


31 -BO 




88-50 


22 


820 ( 


Commencoment of 1 
Ar. . . . j 


0-091 


30-00 


1-80 


88-40 


11 

3 


800 T| 
590 J 


EndofAr, . 


•{ 


0-034 
0-047 


4-00 
2-00 


17-60 
22-20 


78-50 
76-80 


S 


576 •> 






0-029 




21-10 


78-90 


9 


532 






0-005 




23-20 


76-80 


13 


512 1 


BeWAr, . 




0-018 




23-00 


77-00 


17 


340 1 




0-000 




22-60 


77-40 


20 


283 






0-000 




24-80 


75-20 


23 


20-' 






0-008 




23-80 


78-40 



On calculating from these data the decrease of carbon, in 
percentages of the total carbon (which in this case = marten- 
site or pearlite carbon), we obtain — 
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Decrewot 




». 1 . 


perMDt. 


PMLfUte. 
perwnt. 


CartBDin 
pef<»nt.of 


M«ui. 










">"■• 




7 

4 
16 
15J 






»l 


45-2 
48-fi } 




Above Afj 


100 


44 -B 






( 


39-6 
45-2 J 


45-1 


Jgji CommenoBmentofArj 


f 97 201 

1 86-00 ; 


» { 


tli}'-"-^ 


9 


Middle of Ar, . . 


70-20 





4E-7 j 45-7 


51 




r 3B-20-I 





47-6 1. 


14 

21 


Between Arj and Ar,. 


1 30-80 
1 32-00 
I 81-50, 


40-0 1; .,.„ 
40-0 h*^^ 


10 






40-0 J 


22 


Commencement of Ar, 


30-00 


1-60 


43-3 1 43-8 1 

'£1 )| is-s}^'-' 


V 


End of Ar, 


f 4-00 
\ 2-00 


17-50 
22 20 








21-10 


13-S J 


isl 






23-20 


2-4 


isl 

17 f 


Below Ar, 





23-00 
22-60 


S:S <■« 


20 






24-80 


0-0 1 


28 J 






23-60 


3-8 l\ 



Reverting once more to the previously cited work of the 
author, we find the value of 1 cc. of the compared solutions 
of total carbon — 






B of SI 



pie A 



0-78 : 15-30 = 0-051 
B . 1-03 : 21-29 = 0-0484 
C . 0-93 : 18-44 = 0-0504 
F . 1-414: 26-32 = 0-0537 












0-0509 per cent. C. 



On the other hand, the value of 1 c.c. of the cold-pre- 
pared solution of hardening carbon in the same examples 
averages 0-059 per cent, of hardening carbon, and thus we 
obtain the average decrease of carbon in the case of the 
hardening carbon as — 

0-059-0-051 

0-051 =15-7 per cent. 

On comparing the relative colouring power of the solutions 
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of hardening and carbide coal, in the same examples, and in 
sample D, and setting down that of the carbide as = 100, 
we obtain — 



Sample A (annealed) . 78'46) 

„ B . „ . . .77-87f 

„ C (natural hardness) . 83-66 

„ D (hardened in water . 52-55 

Hence we have — ■ 



78-17 



Carbide carbon . 

Total carbon . 

Hardening carbon in an- 
nealed steal . 

Hardening carbon in bar- 
dened steel . . . 


100 
56 


OnnOHlandWirth. 

lOi 100 
100 96 

3S 85 

51 65 


...... 


JUptner. 

108 100 
100 S2-7 

84 78 

53 52 


100 
51 



ie. a concordance between the various independent experi- 
ments, that is the more remarkable when it is remembered 
that they were based on different normal steels (i.e. in different 
conditions of hardness). 

It may therefore be considered as proved that the 
different forms of carbon in nitric solution have different 
colouring powers. The carbide carbon is the strongest in 
this particular, the hardening carbon being weaker ; though 
with regard to the latter a distinction must be drawn between 
two varieties of different colouring power. Of these, the 
hardening carbon from annealed steel is stronger than that 
from hardened steel ; the former variety occurs in pearhte, the 
latter in martensite. 

If we arrange these forme of carbon in accordance with 
their colouring power, we have — 

Kind o( Carbon. Colouring Power. 

Hardening carbon in Martensite . 52 = 2-08 or nearly 2 

PearUte . 78-3-10 „ 3 

Carbide carbon in Pearlite . . 100-4-00 „ 4 
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CoDBequently, in view of their chemical behaviour, we may 

apply to these three forms of carbon the simple names, bi-, 
tri-, aod tetra-carboD, their occurrence being, moreover, as 
follows : — 

In Mortensite (chiefly, if not solely) . bi-carbon. 

Free cementite . . bi-, tri-, and tetra-carbon. 
Peailite tri- and tetra-carbon. 
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CHAPTER V 

OPINIONS AND RESEARCHES ON COMBINED CARBON— 

iConcliision) 

TuENiNG to the matter of researches maiDlj concerned 
with the gaseous productB obtained when iron-carbon 
alloys are dissolved in acids, mention must first be made 
of the labours of Helge Backstrom and Gunnar Paijkul,* 
who determined the amount and carbon percentage of 
the gases liberated in dissolving different kinds of iron 
in acids. The process of solution being ^ected without 
access of air, these workers attempted at the same time 
to determine the iron content in the resulting solutions, 
by titration with permanganate. The results obtained, 
however, were fluctuating and generally too high, whence it 
was concluded that a portion of the carbon is dissolved in 
the liquid in the form of some organic compound exhibiting 
a peculiar odour. 

The results obtained are collected in the subjoined 
table on next page. 

From these data it follows that — 

1. The carbon liberated as gaseous hydrocarbon is not in 
proportion to the combined carbon present ; 

2. None of the kinds of iron examined gave off either 
the whole or a proportional part of the combined carbon as 
gas; 

' FreseniuB, Zeilzs.f. anoint. ChemU, 1887, p. 683. 
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3. Hydrochloric acid gives a larger volume of gae, and 
one richer in carbon than sulphuric acid of the same relative 
strength (1 :25); 

4. The volume of gas liberated ' is not in proportion to 
the percentage of chemically combined carbon present. 



Fura iron (atomic weight, 55-91) evolveB . 1 399-8 

Eggertz's normal wire ; 398'7 

Iron wire ' 398-9 

Egg.rt.'.n.mj™ { |g:j 

Iron wire from Bofora 378-5 

„ „ 386-3 

Iron '391-3 

Steel wire from Bofora . . . .! 356-0 

Bessemer steel with 0-13 per cent, of temper- f, 3SS-2 

I ing carbon \' 3802 

. E^erti's normal wire i 353-3 

, White pig iron with 0-41 per cent of/l 297-8 

■ graphite \ 298-4 

Grej pig iron witli 3'45 per cent, of graphite i 3S3'3 

I (' 295-7 

Wliite pig iron dissolved in sulphuric acid . { 290-8 

1 t 282-8 

i TTPi / 309-5 

I „ ,. ., HCl . . 1^ 3„., 

Grey pig iron with 3-5B per cent, graphite . 1 372-0 

IWMte pig iron ' 296-S 

; FeTTomsDganese with 84 '30 oer cent, of Mn, I .287-5 
j 7 '72 per cent. Fe, no graphite j 



The influence of hardening on the gaseous products evolved 
is expressed in the table on next p^e. 

Hence hardened steel furnishes a larger volume 
and a more carbonaceous gas than unhardened ; neverthe- 
less, even here the differences between the volume of 
gas hberated and the amount of carbon are by no means 
proportional 

1 that 
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The earliest investigations on the nature of the evolved 
gases date as far back as 1864. Hahn^ obtained divers 
hydrocarbons from different sorts of iron ; some of th^e were 
gaseous, and belonged to the olefine series (CnHj„) ; another 
portion, also gaseous, belonged to the paraffin aeries (CnH2n^.2) ; 











Unh^n«i. 


HwJeiwd. 


AiulyslB. 


Kind ol Iron. 






In Gas 


C.iXin 


0nii8.C 
InGae 








C^''n. 


oUfrSm 


Outrsm 










\f^: 


Iron.' 




£■ 


I. 


1 


Iron wire from Bofors . 


0-30 


393 '8 


0-OOOB 




0-0018 




s 




0-30 


393'8 


0-0013 


398-5 


0-0018 


II. 


1 




0-60 


384-9 


0-0015 


397-5 


0-0035 




2 




0-50 






387-5 


0-0034 




3 


Iron wire from Bofors, 


0-50 


380-4 


0-0012 
























Irou wire from Bofora, 


0-&0 


380-4 


0-0013 








cold hamnierBd 












III. 


1 


Iron wire from Bofora . 


0-60 


386-3 


0-0034 


395-0 


0-0045 




2 




0-60 


386-3 


0-003S 


395-0 


0-0044 


IV. 


1 




I'OO 


356-0 


0-0025 


386-1 


0-0088 




2 




I'OO 


366-0 


0-0023 


386-1 


0-0077 




3 




100 


354-0 


0-0016 


366-1 


0-0088 




i 




I'OO 


355-6 










5 


Iron 'wire from BofoiB, 


100 


345-1 


0-0012 








6 


Iron wire from Bofors, 


1-00 


345-4 


0-0013 






















V. 


1 


Eggertz'a aormol wire . 


:-eo 


359-2 


0-0051 


384-4 


0-0083 




2 




1-30 


853-3 




384-3 






3 




1-30 


351-2 


0-0084 







-whilst another consisted of unknown liquid hydrocarbons. In 
1887 Gloez* dissolved manganiferous white pig iron, con- 
verted the olefine hydrocarbons in the evolved gases into the 
di-bromine derivatives (CnH^n + Br^ = CpH^nBrj) by absorp- 
tion in bromine, and detected a part of the unabeorbed gases 
as paraffins liquid of low boiling point (Cj^H-w ™ particular), 
a residue of liquid hydrocarbons being left unidentified. Both 

' Liebig's CTwia. Jnn., 129, p. 57. 
' Comiil. rmd., 85, i. 3. 
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Hahn and Cloiiz qualitatively proved the presence of the 
olefiuea — 



Ethylene 
Propylene 
Butylene 
Pentylene 
Di-butylene 



and Cloez identified the parafBni 



Decane . . . . 

Monodecane (TJndecane) 

Dodecane 

Tridecane 

Xetradecaug 

Fentadecane 






CijHjg (prepondeiating) 



Whereas the labours of these workers were chiefly 
of a qualitative character, R W. Campbell^ attempted 
to carry on the investigation in a strictly quantitative 
manner. 

The method employed was as follows: — The steel was 
dissolved in hydrochloric acid, the libei'ated gases being 
passed through bromine, in order to convert the im- 
saturated hydrocarbons into their di-br online derivatives 
(CnHgnBr^), whilst the unabsorbed portion was measured, 
and the carbon contained in the gaseous paraffins therein 
was determined by the explosion method and by measuring 
the resulting COj. The di - bromine derivatives were 
purified, dried, weighed, analysed, and subjected to frac- 
tional distillation for the identification of the individual 
constituents of the mixture. Althoi^h the fractional dis- 
tillation test revealed the presence of ethylene, propylene, 
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butylene, pentylene, and hexylene di-bromide, as well 
as of di-butylene tetra-bromide, subsequent inveatigations 
showed that the latter body is formed, during distillation, 
by the polymerisation of butylene di-bromide, and is 
not present — - in any appreciable amount at least — 
in the original derivatives. However, although all the 
derivatives, from ethylene di-bromide to hexylene di- 
bromide, could be detected qualitatively, their separa- 
tion in a quantitative manner by fractional distillation 
in vacuo could not be effected with sufficient precision. 
Consequently, for the time being at least, Campbell had 
to content himself with calculating from the bromine 
content of the derivatives the mean number of carbon 
atoms in the molecule. 

The results of his examination of several samples of steel 









Peroenti«« o( Carbon in— 




|l 




Tbernul Treat. 


Cubon 






Content 


the 


the 1 f « ■ 


Sple. 


tl^sioplM, 


per ceiit. 


fives 


P"»«"' 1 pound. 


'""nt 






F 






otth 


e Total CkTbon. 




Annealed 


0-66 


37-1 


83 -fl 29-3 


72-56 


4-32 


F 


Uardened trnd 


0-66 


2G-0 






76-65 


3-67 


C 


Annealed . 


1-14 


43-4 


87-8 


18-7 


73-86 


4-05 


C 


Hardened . 


1-14 


29 '0 


46-6 


22-4 


77-61 


3-31 


D 


Annealed . 




31-0 


44-3 


24-7 


77-80 


3-26 




Pure carbide 


6'S4 


35-3 


2B-2 


39-5 




4-41 




f^otn D (an- 
















nealed) 















The number of carbon atoms in the molecule of the 
derivative obtained from the pure carbide was deduced from 
the results of the gas analysis by dividing the volume of COj, 
formed by the explosion of the olefines, by the initial volume 
of the olefines. 
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From the foregoing data Campbell concluded — 

1. That the mean number of oarbon atoms in the molecule 
of derivatives from annealed steel varies inversely with the 
carbon content ; 

2. That the amount of the gaseous paralBns liberated 
(probably methane, CH^, or ethane, C^Hg) increases with the 
carbon content ; 

3. That, in one and the same steel, hardening seems to 
diminish the number of carbon atoms in the molecule of the 
derivative, whilst on the other hand the amount of carbon in 
the liberated gaseous paraffins is increased ; 

4. That, from the carbon content of the above samples of 
steel, it follows that "F, annealed" must consist of pearlite and 
feri'ite, " C, annealed " and " D, annealed," on the other hand, 
of pearlite, with increasing quantities of cementite. The 
number of carbon atoms in the molecule of derivatives from 
" F, annealed," and in the pure carbide isolated from the " D, 
annealed," is nearly identical (4'32 and 4'41). Smce the 
number of carbon atoms from " D, annealed " is far smaller 
than in the free carbide isolated therefrom, the free cementite 
must yield derivatives with a smaller atomic proportion of 
carbon than the isolated carbon, in order to furnish the 
mean 3-26. 

From these researches Campbell rightly concludes that 
various carbides, with different molecular weights, must exist 
in steel. All previous investigations gave the empirical 
formula FejC for the carbide of annealed steel ; consequently 
the only course open is to assume that iron forms with 
carbon a series of compounds (to which Campbell gives the 
appropriate name " ferrocarbons "), exhibiting the empirical 
formula (CFes)^, or, more correctly, C^Fesn- These compounds 
constitute a homologous series, the members of which may 
be regarded as derivatives of the define series, in which each 
pair of hydr<^n atoms is replaced by the di-valent group of 
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hydroearboDB fumieh hydrogen and the correaponding olefines 
as primary decomposition products. Whether a ferroearbon 

of such simple composition as Fe/'„ yC (the first member of 

this homologous aeries) actually exists, is unknown, and will 
probably remain so, since the initial products of solution in 
hydrochloric acid would be — 

CI H-H CI 
CI-H H-Cl I I 

CI ^ „ Cl-Fe Fe-Cl 




C-H 

I 
H 

This, however, would furnish methylene, which, up to the 
present, has not been isolated, and which — containing an 
unsaturated carbon atom — would either immediately unite 
with hydrogen to form methane (CHj), or probably form 
ethane (CgH^) after previously undergoing polymerisa- 
tion. 

The next member of the ferroearbon series (C^Fe^) would 
furnish the first known member of the olefine series (namely, 
ethylene, CgH^) as the primary product of solution, according 
to the equation — 

' Or, more correctly, Fe^J 
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the third memher 
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+ 18HC1 = 


C-H + 9FeCl,+ 16H, 


0-Fe-^ 




1 






1 1 


Fe 




H-C-H 






0-F.<^ 




1 






/ \ 






H 






Fe-Fe 












\ ^ 

















Fe 
and so on. 

As a matter of fact, however, the decomposition products 
are not so simple as these equations would imply, heing 
influenced by two known facte, namely — 
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1, The defines endeavour to unite with nascent hydrogen 
to form the correspondmg paraffins, according to the equation 
CnHjn + Hj = CnHjn+j. ThiB explains the appearance of large 
quantities of methane (CH,), probably together with ethane 
(CjHg), whereas methylene has not yet been isolated at all 

2. The higher olefines exhibit a decided tendency to 
polymerise imder the influence of acids. This tendency is 
already decidedly visible in the case of propylene, and is 
particularly pronounced with hutylene and the higher 
members. 

The carbon left unrecognised in the earlier researches 
forms liquid hydrocarbons of high boiling point, which are not 
removed by steam or hydrogen when the steel is dissolved. 
Whether these high-boUing hydrocarbons represent primary 
solution-products, or have been formed by polymerisation and 
absorption of hydrogen from lower members of the olefine 
series, has not yet been determined. 

With reference to the application of his hypothesis to the 
theory of steel, Campbell says : " During the laat three years 
1 have endeavoured to ascertain what value it (the coefficient 
n) possesses in the different sorts of steel, and my studies 
have led, with a fair d^ree of concordance, to the result that 
C^Fe^^ preponderates in steels with less than 1'3 per cent, of 
carbon ; nevertheless the derivatives obtained have proved, 
in a fairly certain manner, the presence of CjFeg, CgFCfl, and 
CgFejj, The proportion of CgFeg in annealed steel increases 
with the carbon content. Moreover, in the steels in question, 
more CgFcg appears after hardening than after annealing. 
Bearing in mind that the solntion-produets of hardened steel 
are qualitatively the same as those furnished by the same 
steel after annealing, it appears fairly certain that the former 
contains the fen-ocarbons (or, as is usually said, iron carbide) 
in a dissolved state." 

The assumption of polymeric iron carbides harmonises per- 



.coy Google 



222 



aiDEROLOGY : THE SCIENCE OF IRON 



fectly with the facta already mentioned, which already indicated 
the existence of more than two different forms of- combined 
carbon. Particularly interesting, however, is a comparison 
of the different colouring power of the forms of carbon 
differentiated by the present author, with the various members 
of Campbell's polymeric series. According to the latter 
worker, the carbide OgFeg predominates in hardened steel ; 
according to the author, the bi-carbon. In annealed steel, 
Campbell ascribes the predominance to the carbide CjFeu ; 
the author giving this position to the tetra-carbon. 

Again, Campbell's observation that steel with over IS 
per cent, of hydrocarbon contained increasing amoimts of 
CjFeg is confirmed by a comparison of the samples C and G. 

Whether the deposited free cementite is identical with 
that contained in pearlite, can only be ascertained by further 
examination ; nevertheless, a comparison of the samples C and 
G makes the probability of this very slight. 

If we bear in mind the remarkable relation existing 
between the colour intensity of the three forms of carbon 
already referred to, and the degree of polymerisation of Camp- 
bell's carbides, the endeavour to identify the two series will 
not appear too venturesome. We should then have — 



Behaviour lowards cold 




VsrieljotCmrboQ. 


PoBsiblj correapoiid- 
ingCSTbidft 


Soluble m the cold j 
Soluble at 80° C. . 


2 
3 
4 


Bi- carbon 

Tii- „ 

Tat™. „ 

! 


C;Fe^ 



At anyrate, the carbide C^Feig should give a solution with 
the colour depth 5 {i.e. 1'25 the strength of C^Fcij); never- 
theless, according to Campbell, this compound appears only in 
small quantities, and therefore cannot appreciably alter the 
colour of the nitric solution of carbide carbon. 
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CHAPTER VI 

APPLYING THE CURVES OF SOLUTION DEDUCED FROM 

THE CURVES OF RECALESCENCE TO THE DETER- 
MINATION OF THE CHEMICAL COMPOSITION OF 
THE CARBON PRESENT IN IRON ALLOYS 

On referring to the curves of solution of pure iron-carbon 
alloys, as communicated by Eoberts-Austen,* and iRustrated 
in Fig. 82, Plate X., we find that the line A E corresponds to 
the solidification of metallic iron, B D to the deposition of 
graphite from the liquid metal, and a B c to the solidification 
of the eutectie alloy. Furthermore — 

G corresponda to the critical points Aj (deposition of pure iron). 
MO „ „ Aj (renewed deposition of pure 

iron). 
OS J, „ Aj, 2 (renewed deposition of 

pure iron). 
SE ... ... ... (depositions of free iron 



P S P' ■ „ „ Aj (or Ai, J, b), i.e. the conver- 

sion of martensite into 
pearlite. 

Directing attention, in the first place, to the curves 
illustratmg the solidification of the liquid iron-carbon alloys, 
the first requirement for deducing therefrom the constitution 
of the carbon is a knowledge of the fusing point of pure iron 
and its latent heat of fusion. The former of these has not 
' Fifth R^art to the Alloys Jktearck Com.vtUUe of Che Inst, of Mtck. Eitg., 
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been determined with precision, the reports on this question 
being — 

To - 273° C. = 1587° C. (Danielle). 

= 1500° to 1600° C. (Pouillet). 

= 1804°C. (Carnellay). 

= 1600°C. (Pictet). 

= 1500" C. (Osmond). 

At the present time it ia usually taken as 1600° C. 

Still less reliable are the available data with respect to 
the latent heat of fusion — 

Grey pig iron . , w = 23 calories (Gruner, Troilus). 
White „ . . =33 „ ( „ „ ). 

Steel (estimated) . = 20 „ (Campbell). 

True, Person has given the general formula — 

w= 0-00167 k(l+ % 
-Jd 

for the latent heat of fusion of solid bodies, it representing the 

module of elasticity, and d the sp. gr. ; but, though this formula 

gives satisfactory values for lead, tin, bismuth, zinc, and silver, 

it is by no means certain, and the value, w>= 57 caL, which it 

gives for Iron {k = 20,000, d = 7"8), is so high and differs ao 

widely from Gruner's figures, as well as from the latent heat 

of fusion of nickel (w = 4'64), the metal so nearly resembling 

iron, that it appears advisable to assume w= 20 caL' 

Hence the molecular depression of the solidification point 

of iron is — 

E=0-0198--j^ = 0-0198 -—^=3273 

and, assuming that pure iron is deposited on the solidification 

'For nickel, t=21,40O (Ferft, d. Ver. z. Bef. d. O^oiThefieiaiti, 1898); 
d-i'td {Pogg. Ann., Ixxviii. p. 97 ; Liebig's Jahreaia:, 1885, p. 294 ; 1888, p. 
283), from which, accordiDg to Person's formula, we should have w — 29'9l cal., 
or e'41 times the value actually found. This affords an indirect confirmation of 
the assumption that io=G7 must be too high for iron. 



.coy Google 



THE CURVES OF SOLUTION, ETC. 225 

E 

of the alloys, according to van't Hoff's equation M = -m, 

we obtain the following values for the molecular dimeusione 
of the carbon dissolved in molten iron at the solidification 
point : ^ — 



PetcenUge 








MolecuUr 


Number ol 




Polnt,\. 


DepreeBion 




Weight of 






of Fusing 
Point, -C. 


m. 


DieBolied 
Csrbon. 


C-HolMule. 






C. 


Ft. 






— 


M. 







100-0 


1800 








O-l-O '1000-89-0 


1600-1460 


0^140 


m-i-01 


23-612 


1-97 


1-6 1 98-5 


1400 


200 


1-52 


24-876 


2.07 




98-2 


1370 


230 




22-857 


1-90 


2-4 


97-6 


1300 


300 


2-46 


26-839 


2-24 


2-8 


97-2 


12&5 


345 


2-88 


27-323 


2-28 


3-4 


9fl-8 


1200 


400 


3-52 


28-801 


2-40 


4-3 


96-7 


,1.0 


470 


4-49 


31-264 


2-61 



According to these figures, then, iron between 1600° and 
about 1400° C. would contain in solution diatomic molecules 
of carbon, with which a progressive association of triatomic 
molecules occurs as the temperature falls. At about 1160° 
C. the number of di- and triatomic molecules of carbon 
present in the solution would be nearly identical This 
agrees thoroughly with the fact that, in general, the composi- 
tion of the bodies api)earing in solution is the more complex, 
i.e. the molecular weight is the greater the deeper the fall in 
the temperature of deposition. In fact it explains this de- 
pression in the temperature of deposition, since, as a general 
rule, the increasing molecular weight of the dissolved body is 
accompanied (provided this increase in molecular dimensions 
is the result of pure polymerisation, and not of incorporation 
of the second constituent of the solution) by a reduction of 
the number of its molecules as compared with those of the 
second constituent, and consequently (in the case of substances 

' H. V. JUptDer, Joum. Iron and Steel Inst., 1898, 1899 ; Stakl nnd Eiaen, 
1898, Nob. 11, 12, and 13. 
15 
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not of unlimited miscibility) a decrease in the possible 
maximum limit of its intramolecular volume. Hence the 
solvent power of the first constituent for the second is 
diminished, and the latter is therefore compelled to separate 
out. 

To be sure, the laws of solution apply " in their strict 
sense only for dilute solutions, and can only serve for 
approximate orientation in the case of concentrated solutions 
{e.g. 10 — 20 per cent.)." ^ Nevertheless, in the present 
instance such dilute (4-3 per cent, of C at the most) solutions 
are in question, so that even in this respect the result of our 
calculation may be regarded as probably correct. 

On the other hand, however, Heycock and Neville * have 
drawn up a formula also applicable to concentrated solutions, 
by means of which A. Stansfield* finds that the molecules 



of the dissolved carbon, both in liquid steel i 
consist of two atoms. 
The equation — 

00198 .T T-T 00198 + 18V3 



in pig iron. 



M= - 



( 



20 



to wit, furnishes the following values : — 



„. 


S6m. 


'■ 


-f 


u. 


„. 


1-01 1 


8685 


HO 


13-378 


23-127 




rE2 2 


n20 


■ 20fl 


e'3S5 


23-522 


I'&flO 


1-83 3 


8855 


28C 


8-144 


24-186 


2-016 


2-46 i 


5510 


m 


fi-243 


22-761 


1-897 


2 '88 5 


3280 


345 


5-429 


28-588 


1-966 


3 '52 « 


5120 


400 


4-682 


23-977 


1-998 


4-49 8 


3065 


470 


3-985 


24-796 


2-oes 



' NHmst, Theonlischt CkemU, let ed. p. 394. ' Jaam, CKem. Soe. 

' Jmiim. Iron and Steel Inst., 1899, vol. ii. ; me also p. 34 of the present work, 
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All these calculations, however, apply only when pure 
iron is deposited on the cooling of the liquid iron-carbon alloy 
along the line A B. Should this iron, as seems very probable 
from the microscopical examination, contain dissolved carbon, 
then the above calculations give results in excess of the truth, 
i.e. the molecule of the dissolved carbon must contain less 
than two (or 2*6) atoms. ^Tow, as it is impossible for 
molecules to contain fractions of atoms, it is evident that, 
under these circumstances, monatomic molecules of carbon 
must be dissolved in the iron.^ 

■ It is, however, necessary to examine more closely the 
phenomena occurring in the cooling of liquid iron-carbon 
alloys. . 

In the first place we encounter the problem. Whether the 
deposition occurring in the course of such cooling consists of 
pure iron or of a solid solution of iron and carbon M In 
alloys rich in carbon the latter is undoubtedly the case ; 
but with iron poor in carbon the matter is difficult to 
decide. 

According to Sauveur,' the carbon content of martensite 
varies from 0-12 pet cent, (in very mild steel, quenched 
above the critical temperature) to 0-90 per cent, (in hard 
steel). Steel with 0^09 per cent, of carbon contains, when 
quenched above Ar3, 77 per cent, of martensite and 23 per 
cent, of ferrite. Therefore above Ar^, 0'12 per cent, of 
carbon may unite with 99"80 per cent, of iron, or, in round 
numbers, 1 part of C with 800 parts of Fe. The martensite 
cannot take up any more ferrite, and, if the steel contain less 
than 0"12 per cent, of carbon, the excess of unabsorbed iron 
is present as free ferrite. 

' A. Stanafield, loc. cit. ; nevertheless it ia by no means imposaible thit 
polyatomic carbon molecules can exiat, in addition to the monatomic molecules, 
in the solution. 

"H. v. Jilptner, Jaum. hon and Steel Inst., 1889, vol. ii, 

' Tht MicTcalmaure of Steel. 
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From this results, according to Sauveur — 



— •■ 




F.^>rC.- 


CfMFe. 


Abore Ar, . 

Between Ar, and Atj . 

Between Arj and Ar, . 
AIM . . . 

■ The point of utuntlon 
(mm Fig. S3 ta (ollows ;— 
B90-C. . . 0'B2pe 
800- „ . .0-90 

mr ,. , . i-oo 
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! 

0-90 percent. 0(1 ; 110) 

TCent. C 1 m-C. 


0-12 per cent. C (1 : 800) 
0-25 „ „ (I ! 400) 
0-50 „ „ (1 : 200) 
0-90 „ „ (I : 110) 

aiutenlte togsthar is dBdudble 

. 110 per cent. C 
- . 1-07 „ „ 



With less than 0-12 per cent, of carbon, a little femte 
remains unabsorbed on further heating (above Apg). 

These reports find confirmation by Osmond's observations,* 
according to which a steel with 0'14 per cent. 0, 0"045 per 
cent. Si, 0-018 per cent. S, 0-01 per cent. P, and 0-19 per 
cent, Mn, gave — 



Heated to 980° C, quenched 
at 670° (between Ar, and 
Ar^ 

Heated to 960° C, quenohed 
at 770° (between Ar, and 
Ar,) 

Heated to 960° C, quenched 
at 820° (middle of Atj) 

Heated and quenclied at 
1000° C 

Heated and quenched at 
1340° C 



1-0 


1 : Bg-OO 


0-58 


1 : 171-4i 


0'30 


1 : 332-88 


0-23 


1 ; 433-78 


0-10 


1 : 624-00 



' DiscusBion on Sauvenr's paper. 

3 The figures show that the Bolubilit; of iron in the carbon (or, more 
correctly, the carbide) of marteneite increases considerably as the temperature 
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It must therefore be left to further investigationa at very 
high temperatures to determine — 

1. Whether we have here to do with an actual limit ol 
saturation between iron carbide and iron, or whether the 
observed amounts of ferrite cannot probably be explained by 
the slowness with which the phenomena of solution and 
deposition proceed in solid iron ; and 

2. ^Thether, in the case of lower percentages of carbon, 
ferrite still appears also in the immediate vicinity of the 
fusing point. 

It seems probable, from the outset, to suppose that the 
ferrite line will traverse the fusing point of the pure iron ; • 
nevertheless, an entirely different behaviour could be deduced 
from the foregoing figures. If, namely, we take the dilfer- 
ences in the ferrite content, we have — 





FMriteDUIeraioe, per cent. 


DlmlnuUDn of FerrlU 
per 1* a, per cent. 


770- 670 = 100° 
820- 770= 50" 
lOOO- 820 = 180° 
1840-1000 = 340° 


88-76 = 10 
78-64 = 22 
64-38 = 15 
38-10 = 29 


0-10 
0-44 
0-08 
0-08 



The decrease in the amount of ferrite thus attains a 
maximum at Ar,, and diminishes rapidly at both higher and 
lower temperatures, so that there is always a possibility of 
ferrite {i.e. pure iron) being deposited first, when the iron is 
very poor in carbon. 

Another point worthy our attention is the query. How 
much carbon is contained in the portion of metal solidifying 
first during the cooling of liquid iron rich in carbon ? 

Let us assume that the liquid eutectic alloy contains 4'3 
per cent, of C and 957 per cent, of Fe, or 22-25 parts of 
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100-00 


4-0 


89-00 
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66-75 


2-0 „ 


44-50 


1-2 „ 
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iron to each 1 part of carbon. If, in alloye poorer in carbon 
than is the euteetic, the excess of iron were deposited as 
ferrite, we should have — 

Feirite. 


11-00 
33-25 
55 50 
73 30 

From our experience with steel, this is decidedly incorrect, 
since we must on the contrary assume that, in the ease of 
alloys rich in carbon, the first to solidify will be, not pure 
iron, but an iron-carbon solution, whilst the euteetic alloy will- 
not solidify till the last. This iron-earbon solution, however, 
is probably austenite, the quantitative composition of which 
is unfortunately unknown. Since, in the course of further 
cooling, it is converted into martensite, it must contain at 
least as much carbon as this latter (1 part C to 110 parts Fe 
at 690° C, and 1 part C to 57-8 parts Fe at 1000° C.).^ 
Probably, however, at least in alloys rich in carbon, it contains 
more carbon, since otherwise the separation of cementit« from 
such kinds of steel would be inexplicable. Still, no approxi- 
mate calculation can be based on these reports, nothing being 
known as to the carbon content of saturated martensite at 
higher temperaturea 

By marking down in the graphical sketch. Fig. 82, the 
three austenite points determined by Osmond, viz.— 

Percentage of C. per cent. Austenite. 50 per cent. Austenite. 

1-0 above 1000° C. 

l-5-l'6 „ 740° C. 1140° C. 

it becomes evident in the first place that a straight line 

drawn through the two per cent, austenite points encounters 

' Deduced from Fig. 82. 
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the fusing point of pure iron. Even if only accidental, 
this shows that the temperatures at which iron carbide 
ia stable are higher the larger the exceaa of iron present 
(a phenomenon that is moreover very probable), and that 
the formation of iron carbide, or the conversion of 
austenite into martensite, is accompanied by absorption 
of heat. 

Be the rest as it may, in any event it is very remarkable 
that the end of the solidification curve of the Hquid eutectic 
alloy (in Fig. 82) lies to the right of, and not very far away 
from, the per cent, austenite line. Tbis, in the first place, 
again confirms the hypothesis that austenite is a solution of 
elementary carbon in iron, since it ia only from such a solu- 
tion that depoaition of graphite can occur. 

Assuming that the per cent, austenite curve is actually 
a straight line; which at anyrate is fairly accurate within the 
points (I'O and 1-5 per cent, C.) determined by Osmond, we 
then have for the composition of martensite— 



l.»pe»t.». 




PwlsoIFetolputC. 


P««ntaeecHFe,a 


1130° C. 
1040° C. 
1000' U. 

930° C. 

890° C. 

■Po.riWy.li 


0-88 
1-00 
1-07 
l-M" 
0-82 

tOetoohighinoome. 


115-28 

99-00 
92-46 

82-33 
120-95 

amcc of a slight depoatio 


12-90 
15-00 
16-05 
18-00 
12-30 

aofgnphiW. 



Thus we see that, starting from 690° C, the solubility of 
the carbon, or the carbide, increases up to a maximum 
at about 930° C, from which point onwards it recedes once 
more. 

Under the assumption that iron at the fusing point con- 
tains only austenite, but no martensite, it would appear from 
an analysis made by Saniter,* according to which, molten iron 
' Journ. Iron and Steel Inst., 1897, vol. jj. 
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carbide with only 0'05 per cent, of S and 0'16 per cent, of 
Mn contained, after slow cooling — 

Graphite .... S'OO per cent 
Combined Carbon . . . 1-22 „ 

Total . 4-27 per cent. 
and therefore correBponded to the compoeition of the eutectic 
alloy, that the composition of austenite at 1130 C. is aa 
follows : — 

Combined carbon . . . 1-27 per cent, 

Iron 98-73 „ 

Total . 100-00 
(Hence there are 77"74 parts of iron to 1 part of carbon.) 

If now we take C to represent the total carbon, and 

Cb. C„, Cg the portions of carbon appertaining to austenite, 

martensite, and graphite respectively, we shall then have — 

C^ + C„ + Cg=C 

76-74 C.+ 118-28 0^ + 0^=100 

and hence C„= 2-66 -2-10 C + 2-07 C^. 

Now, in the case of steel with 1-2 per cent, of C at 
1130° C. (since the same contains 50 per cent, of martenaite, 
provided the 50 per cent, anstenite curve has been correctly 
drawn, w, passes through the fusing point of pure iron),^ 

C„ = — — = 043 per cent., and thua — 

0-43 = 2-66 - 207 C + 204 Cg 

= 2-66 -2-62 + 2-07 C„ 

0'29 
wherefore C^ = ^7^7^ = 0'14 per cent. 

As a matter of fact, the eutectic curve extends also a 
little below I'l per cent, C, so that a slight deposition of 
graphite must apparently occur. 

This consideration finally leads to settling the carbon content 
' ThU must be the cuse if the sssamption that the per cent, austenite 
carve traversea this poiut, and that molten iron contaias none but elementaiT 
carbon , be correct. 
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in marteneite at 1130° C, as 0'86 per cent, at the most, and of 
austenite l'27per cent., the latter therefore containing in round 
figures one and a half times as much carbon as marteneite.' 

The first attempt to deduce the molecular weight of the 
disaolved carbon — or, more properly, carbide— from the curves 
of solution of the solid iron-carbon alloys, was made by the 
author* in the year 1898. Since that time the question has 
been further developed by Roberts-Auaten,* on the basis of 
V. Eothmund'a * observations that the modifications of mole- 
cular condition of a substance in solid solution exactly re- 
semble the modification of the conditions of a^regation in 
the case of liquid solutions. In solid, chemically pure iron 
two such modifications occur — for example, at Ag and Aj. 
The latent heat of transformation at these points, correspond- 
ing exactly to the latent heat of fusion of liquid solutions, 
has been deduced by Eoberte- Austen from the cooling curves 
for electrolytically precipitated iron. The increase of tem- 
perature at the critical points was measured, and this — after 
introducing a correction for the probable loss of heat — was 
multiplied by tlje specific heat of iroa He found the follow- 
ing values for the latent heat of transformation : — 
At Arg . . . . u, = 2-86 cal. 
„ Ar^ . . . . u. = 10 „ 

(The latter figure may possibly be rather inaccurate.) 

From the first of these values the molecular depression 
of the transformation point is calculated, in just the same 
manner as the molecular depression of the fusing point, to— 

Tn^ (900 + 273')* 

Eg= 0-0198--^== 0-0198 ■= ^^^ ' =9525'6. 

' These two solatioaa must be isoamotic (possess the same osmotic pressure), 
coDsequeatly the number of atoms p«r molecule of dissolved carbon or carbide 
in austeoite and martensite moat be as 2 : 3. If, therefore, austenite at 1130° C. 
ODtained an equal number of molecules C and C^ martensito would cootain 
the carbide Fe,C in solution. 

' Loe. cit. ' Joiirn. Iron and Stcd hid., 1899. vol. ii. 

* ZeUi. fuT phyi. Chemit, 18S7. 
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Now the line G is stra^ht, i.e. the molecular dimen- 
Bions of the diseolved carbide suffer no alteration between 
the points G- and ; it is therefore sufficient to take the 
point as the basis of calculation. To this point, however, 
correspond a carbon content of 034 per cent, (or 5'10 per 
cent, of carbide) and a temperature of 765° C. We thus 
have m = 5'37 depression of transformation point =895 — 
765 = 130° C, and therefore the molecular weight of the 
dissolved carbide — 

M = l?.m = ^^^. 5-37 = 393-48. 

( 130 

Since the molecular weight of the carbide FcjC is 180, 
and corresponds to 3 atoms, the carbide molecule calculated 
above must correspond to the formula 2'18 CFeg, i.e. the 
same must contain in round numbers 6J atoms.^ In other 
words, steel with not more than 0"34 per cent, of carbon, 
chiefly contains, at Ar^, the carbide CjFea, which coincides 
very well with the results of the earlier observations. 

If, on the other hand, we employ the equation of Heycock 
and Neville — which is also applicable to more concentrated 
solutions — we have — 

T=900 + 273 = 1173' 
C = 0-23 per cent. 
OFej= 3'45 per cent. 
m = 3-75 
w=2-86 eal. 
11 = 100'' 

0'0198mTT-<_ 1173- f 

2^6' " ~~t "" ~^~i 



and 



= 30-454 (11-73- 1)= 326-771 



.151. 7-26 
180 
'293-48:180^2 
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80 that the formula 1-82 CFeg would correspond to the 
carbide. 

Commeneing with a carbon content of 0'34 per cent., 
the points Ar^ and Ar^ coincide, i^. the two molecular modi- 
fications of condition sustained by the chemically purer iron 
separately at Ar^ and Ar^ occur simultaneously. This is 
usually expressed by indicating the corresponding critical 
point by At^,^. The theory with regard to the relation be- 
tween the depression of this point, Arj,2, and the molecular 
weight of the dissolved iron carbide, is not so aunple as 
formerly. Eoberts-Auaten based his calculations on the 
assumption that the osmotic pressure necessary to produce 
the observed depression of the transformation temperature is 
equal to the sum of the pressures which would be required 
to depress each of the points Ar^ and Atj to a corresponding 
extent. In this way he arrives at the result that the mole- 
cules of the dissolved carbide at the portion S of the curve 
correspond to the formula 27 CFeg, i.e. that at this point 
we are probably in presence of a mixture of about 2 mole- 
cules of CaFeg and 3 molecules of CgFe^ (or perhaps of 2 
molecules of C^Fcg with 1 molecule of CiFejj), a result which 
equally threes with our earlier observations. 

Here, also, it is advisable to examine, with the help of 
Fig. 82, the phenomena arising in the cooling of sohd iron- 
carbon alloys. 

Whilst, as we have already seen, the Uquid eutectic curve 
extends from right to left as far as the vicinity of the 
per cent, austenite curve, the curve of deposition of pure 
cementite, on the other band, exhibits the remarkable phe- 
nomenon that, so far as it has been actually observed, it 
terminates at only a short distance from the point at which 
50 per cent, of austenite and 50 per cent, of martensite 
were shown by Osmond. Does it not therefore seem as 
though a further deposition of carbide would no longer 
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furnish a point of recalescence because the conversion of 
austenite into martensite is effected slowly, and that fqr 
this reason the deposition of the excess of carbide also can 
only proceed at a very slow rate ? The process would have 
to be imi^ined as going on in the following manner : — 
Austenite at 1130° C. contains about 1'27 per cent, of 
carbon, whilst martensite contains only 0'86 per cent..; 
when, therefore, in the course of further cooling, a portion 
of the austenite is converted into martensite, the solvent 
power of the martensite, it is true, increases slightly up to 
930° C. ; however, the carbon now entering the same (natur- 
ally in the form of carbide) exceeds this, and therefore a 
portion of the carbon is bound to be deposited (possibly 
under polymerisation). 

That all the alterations of condition as r^ards solution, 
etc., sustained by the iron in cooling are liable to modifica- 
tion, as the result of internal tensions set up in the metal 
when the cooling is accelerated, is a matter of course. 

The most recent researches of H. W. Bakhuis Eoozeboom 
on the solidification and conversion points of mixed crystals ^ 
throw fresh l^ht on the changes of condition occurring in 
the cooling of steel, and lai^ely support the author's views 
on the nature of austenite and the course of the austenite 
eurvea Since (according to a private communication) another 
research of Eoozeboom's on these conditions will shortly 
appear, the matter will be reverted to in a later section of 
the present work. 

' ZeiCa. fur phys. Chemic, 188B, pp. 38S and 113. 
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CHAPTER VII 

THE CONSTITUENTS OF IRON; IRON 

Next to carbon, the most important constituent of the iron 
alloys is undoubtedly the iron itself. 

On allowing chemically pure iron to slowly eool down 
from a temperature above the fusing point, three points of 
reealeseence occur, namely, at about 1600° C, at 895° C, and 
765° C, The first of these corresponds to the solidification 
point, the other two to the critical points Afj and Ar^. 
From this it inevitably follows ' that the pure iron must 
undergo changes of condition at 895° and 765° C, which 
can hardly be otherwise than allotropic. Osmond, who was 
the first to express this view, and defended it with great 
abihty and zeal i^ainat a number of opponents, employs Greek 
letters to indicate the allotropic forms, as follows : — 

a-iron is the modification appearing after slow cooling 
below Atj. 

(8-iron, the form existing, under similar circumstances, 
between Arj and Afj. 

7-iron, the allotropic modification appearing above Atj. 

The properties of these three forms are given by Osmond 
as follows : — 

7-iron, non-magnetic, dissolves both elementary carbon 
and iron carbide. 

/9-iron,non-magnetic,dis8olve8 neither carbon nor cementite. 

a-iron, magnetic, does not dissolve cementite. 
1 Osmond and Werth, "Th^ri«c«Uu]aiie." 
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Roberta-Austen ' describes the phenomena occurring dur- 
ing the cooling of liquid electrolytic iron, or the very pure 
7-condition of this metal, in the following terme : — " As the 
liquid mass cools, it solidities at a temperature of about 
1600° C, though the actual point has not yet been determined. 
When the iron has solidified it exists in a plastic condition, 
to which Osmond has given the name 7-iron, anS in which 
it is capable of dissolving variable proportions of carbon 
(0-8-0-9 per cent, at 700° C, 1'5 per cent at 1000° C.)." 

One of the foundations on which the theory of the aDo- 
tropie condition of iron is based, is the assumption that the 
phenomena of hardenii^ are due to the existence of certain 
conditions of the metal which, while stable at high tempera- 
tures, and convertible, when cooled slowly, into other condi- 
tions, stable at lower temperatures, are maintained when the 
cooling is effected (as in hardening) rapidly to below the zone 
of temperature at which the aforesaid conversion takes place. 
Specially characteristic diflfereuees between the hardened 
and unhardened metal are exhibited in the mechanical pro- 
perties, and it was therefore of great interest to ascertain the 
behaviour, in this particular, of iron very poor in carbon. 
Originally it was assumed by Howe that the tensile strength 
of nearly pure iron could be trebled by sudden cooUug ; but E. 
A. Hadfield and J. 0. Arnold showed that the tensile strength 
of a sample rod of i sq, in. section was only increased by 
25 per cent, (from 21—26 tons per square inch). Howe* 
afterwards experimented with seven samples of iron (contain- 
ing 0^02 per cent, of carbon and O^l per cent, of Cu) of a 
mean sectional area of 0-034 sq. in., which had been quenched 
at 900° C. in saturated brine ( — 6° C). The increase of tensile 
strength exhibited in this case was only 27 per cent, (from 
22 to 28 tons per square inch). One sample which gave 

' Fifth Report to (he Alloy iReseartK Committee qf the Inst, of Medt.. Eng., 1899. 
' Eag. Ming. Joam., liii. p. B57 ; Uiu. p. 111. 
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higher results was regarded by the experimenter himself 
as unreliable. 

Id order to strengthen Howe's conclusions, J. 0. Arnold ^ 
took a sample of Swedish iron of the following composition : — 



Carbon 








0-07 per <i 


Silicon . 
Manganese 

ArBenic 








0-02 „ 
0-02 „ 
0-04 „ 


Phosphorus 








0-02 „ 


Sulphur 








0-02 „ 


Copper . 








001 


Aluminium 








0-02 „ 



which he first heated to 900° C, then cooled slowly to 
different temperatures, and quenched suddenly. The tensile 
strain tests gave the following results : — 



No.ot 
Sample. 


^ss.. 


Maiitnum Lo»d, 
Tons per »i, in. 


"^k^ntervil. 


actional area (con. 
traction), percent. 


SUndard. 


IG 


21-42 


44-0 


80-0 


3 


400 


21-59 


43-0 


76-8 


S 


525 


22-48 


41-0 


78-8 


8 


600 


23 '02 


34-0 


76-2 


2 


650 


25-58 


31-6 


76-8 


5 


705 


26-24 


27-6 


73-8 


11 


780 


20-7& 


29-5 


70-8 


4 


820 


29'4e 


27-6 


75-4 


9 


887 


82-63 


21-5 


75-B 


1 


028 


81-35 


30-0 


76-2 



These figures, together with the recalescence curve deter- 
mined by the Osmond method, are represented graphically in 
Fig. 83, Plate X. 

From this, Arnold concludes that quenchii^ below red 
heat has but little effect on the mechanical properties of the 
metal, but that at incipient red heat, above 600° C, a decided 
critical point occurs, from whence onwards the curve turns 
sharply upwards ; furthermore, that the critical points Ar^ 
' Bug., 0th Jnly 1897. 
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and Arg are, per se, without influence on the mechanical pro- 
perties, inasmuch ae between 500° and 900° the increase in 
the tensile strength is proportionate to the quenching tempera- 
ture. The deviations of the measured tensile strength from 
the sharply defined curve, which are regarded by Arnold as 
experimental errors, amount to — 

Sample No. 1= -0-167 t. 
„. „ 9= +0067,, 

„ i= - 0-033 „ 

„ 11= +0-100,, 

„ 5= -0050,, 

„ 2= +0-050,, 

„ 8= -0-060 „ 

„ 6= +0-060,, 
It is worthy of note that the contraction is practically 
constant (mean, 76 per cent.) for all quenched samples, 
whereas for normal metal it amounts to 80 per cent. 

These conclusions were rightly attacked by Howe, Osmond, 
and Sauveur. The latter' plotted Arnold's tensile test 
results graphically (Fig. 84, Plate X.), and, as a result of 
further experience, marked the position of the critical zone 
Ati between 630° and 645°. He concluded that no note- 
worthy increase of tensile strength occurs up to 400° C. 
From 400° to 600° a very gradual and slight increase occurs, 
which coincides with Howe's observation ^ that the conversion 
of hardening carbon into cementite carbon continues below 
Arj. At 600°, slightly below Ax^, the tensile strength is 
23-02 tons; at 650° — ^just above Arj — it increases to 25'56 
tons, i.e. 2^ tons for 60°. When the quenching is effected 
between Ar^ and the next critical point, the increase in 
tensile strength for an accession of 55° is only 0'68 ton. 
The next test quenched above Ar^ gave a sudden increase in 
_ tensile strength equal to 3 J tons. Between Arj and Atj 
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there is no increase (on the contrary, a Blight decrease), 
whereas at Ar, the increase is over 3 tons. Further heating 
results in a decrease of tensile strength. If the samples had 
approximated more closely, the curve of tensile strength 
would presumably have assuuied the form indicated by the 
dotted line. Consequently, according to Sauvenr, the in- 
creases in tensile strength actually coincide with the critical 
points. 

The question of the allotropic forme of iron has been 
dealt with in a very thorough and lucid manner by H.- Le 
Chatelier.' He first shows that the more slowly the iron is 
heated the lower the temperature at which conversion occurs, 
and that the converse change ensues at temperatures which 
are the higher in pro}X)rtion aa the coolii^ is retarded ; so 
that, given infinitely slow heating or cooling, the two trans- 
formation points might coincide. 

These facts are in complete harmony with those accom- 
panying all changes in the condition of bodies, especially 
allotropic conversions, and which we will now proceed to trac6 
in the case of sulphur. This element occurs in two allotropic 
modifications, differing in their properties, crystalline habit, 
density, specific heat, heat of combustion, etc. According to 
their- crystalline habit they are known as octahedral and 
prismatic sulphur respectively. The former is stable in the 
cold up to temperatures below 95°'6, the other form beii^ 
stable at higher temperatures. On heating octahedral sulphur 
above 95°'6 per cent it is converted, with absorption of heat, 
into the prismatic form. The conversion, however, does not 
proceed all at once, but increases in degree the higher the 
temperature rises, so that the conversion temperature is the 
higher in proportion as the heat is more rapidly applied. 
Conversely, the prismatic variety is changed into the octa- 
hedral form on being cooled below 95°'6"C. The rapidity of 

' Bev. a4n. da SeUttua, l&th Jan. 1867 ; The MetailogTajihia, i. p. 52, 
i6 
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conversion increassB at first as the temperature falls, and 
attains a maximum at about 60°, but sinks rapidly on further 
cooling, so that at the ordinary atmospheric temperature it 
is very small, and becomes nil at — 30° C. On cooling 
prismatic sulphur quickly to — SO'C, it suffers no appreciable 
alteration, and remains unchanged for any length of time. 

In the two varieties of lead oxide — litharge and massicot 
— the rate of conversion is still more gradual than with 
sulphur ; and massicot, which, under normal conditions, is 
stable at high temperatures, also remains unchanged at the 
ordinary temperature. It is, in fact, a general rule, governing 
all chemical processes, that the rate of conversion is the 
quicker — 

1. The higher its absolute temperature ; 

2. The greater the interval between the actual tempera- 
ture and the temperature of equilibrium. 

Above the temperature of conversion, both conditions 
vary in the same direction, and the rapidity increases to an 
illinutable degree ; below the transformation point, on the 
other hand, they vary in opposite directions, and thus pro- 
duce a maximum in the rate of conversion. 

As we shall see later on, these laws also apply to the 
hardening process and the conversion of the allotropic modi- 
fications of iron. 

With regard to the latter, the two most important conver- 
sion points were discovered by Osmond, and a third by Hall and 
Currie. These allotropic conversions are characterised by an 
absorption of heat during the heatii^ process (Osmond), and by 
alterations in electrical conductivity (H. Le Chatelier), in mag- 
netic proi>ertie8 (Currie), and in voluma They occur at 740°, 
850*, and 1280° C. The first conversion coincides with an 
almost complete disappearance of the magnetic properties of 
the iron, and is accompanied by a sl^t absorption of heat. 
The position of the conversion point is only slightly iu- 



.coy Google 



THE CONSTITUENTS OP IRON : IRON 243 

fiuenced by the method of cooling or heating, so that in 
both cases it occurs at about the same temperature.^ The 
second coDversion ia characterised by the sudden change in 
the law according to which the electrical resistance of bodies 
varies with the temperature.^ This conversion is influenced 
to a considerable extent by the mode of "beating or cooling 
employed. 

The conversions in question do not occur at the tem- 
peratures specified, except when the microscope reveals the 
presence of tree ferrite ; consequently they must be in some 
way connected with this constituent. 

On the other hand, however, the labours of H. Le Chateller 
on electrical resistance have shown the existence of a modi- 
fication of condition in the case of steel so rich in carbon as 
to contain only martensite, and no ferrite ; only in this case 
the conversion temperature lies at or near 800° C, instead 
of 850*. Unless these observations are erroneous, we must 
assume that an allotropic conversion also occurs in iron con- 
taining martensite, though at a lower temperature than with 
pure iron. This entirely harmonises with all similar known 
facta Thus, for example, that change of condition in water 
which is evidenced by the occurrence of maximum density, 
also occurs in aqueous solutions, but at a different tempera- 
ture. That this change of condition in martensite should 
have escaped Osmond's notice in the recalescence observations 
may be due to the slowness with which it is brought about. 

With regard to the importance of the conversion point 
at 1280° C. (Hall and Currie), Le Chatelier ia silent 

Perhaps it corresponds to the deposition of ferrite from 
martensite, which (see Chapter VL) seems to occur even 
above Atj in the case of iron poor in carbon. 

' It correaponds to the point Ar,. 

' Tliis increaaaa about teofold between □rdinor; temperatuie and Ar^, ba 
remaiuB almost oonstant alrare the latter temperature. 



.coy Google 



244 SIDEEOLOOY : THE SCIENCE OF IKON 

According to Howe,^ an allotropic modification — which 
he terms 8-iron — also results from cold working the metal. 
However, the observations made on this point are not yet 
eufBeiently numerous to enable the question to be definitely 
settled. 

Howe bases the aseumptiou of this £-iron on the influence 
of cold working, i.e. on distorsion, and also on the circiun- 
stance that, even in very mild grades of steel with a very 
low carbon content, a certain hardening is produced on 
quenching the metal 

He also mentions that cold-worked metal does not exhibit 
any flow on breaking, and that flow ceases to appear at a 
temperature of about 500° C. Nevertheless, the effects of 
distorsion— particularly a raising of the limits of elasticity 
and expansion — are still apparent up to 632° C. in some 
cases. 

With regard to this latter point it may be mentioned 
that, at the temperature in question, carbide carbon is already 
converted into hardening carbon, and that consequently the 
phenomenon in question could also be attributed thereto. 

Reference has already been made in Book II. to the 
mici'ographical differences which Saniter believed to have 
found between the various forms of iron. 
' The Mardeni^tg of Steel. 
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THE CONSTITUENTS OF IRON ALLOYS: MANGANESE 

Whether manganeae gives solutions isomorphous with iron 
has not been definitely ascertained, but at anyrate one would 
not be far wrong in provisionally assuming this to be the 
case, and, for instance, calculating the fusing point of pure 
iron-manganese alloys, according to the law of mixtures, from 
the fusing point of iron (1600° C.) and that of manganese 
(1900° C.> 

For us, the behaviour of manganese towards carbon is 
of special interest. The first remarkable thing is the great 
solvent power of this metal in comparison with iron. Whereas 
the saturation limit of iron for carbon at the fusing point is 
about 4'6, or according to Saniter 4'8, over 1 per cent, of 
carbon may be contained in 80 per cent, ferromanganese, as 



wing analysis shows : — 




Carbon .... 


7-079 per cent 


Silicon .... 


0'142 


Mai^anese .... 


81-154 


PhosphoruB. 


0-412 „ 


Sulphur .... 


0-001 


Iron (difference) . 


11-212 


high solvent power is also 


expressed in the circum- 



stance that manganese opposes the deposition of graphite, as 
well as in the depression it produces on the critical points. 
Thus, for example, in presence of 1 2 per cent, of manganese 
the conversion temperature for martensite into pearlite is 
below 0° C. 
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If now we inquire after the forms in wbich the carbon 
appears in manganese, the absence of elementary carbon might. 
be concluded from the circumstance that no deposition of 
graphite occurs in grades of iron that are rich in manganese. 
On the other hand, however, manganese steel, according to 
Osmond, exhibits a microstructure revealing, iu addition to 
ferrite or cemeutite (according to the carbon content), the 
presence of a substance more closely resembling austenite 
than martensite in its properties. 

In the chemistry of the subject, mention must first be 
made of the researches of J. S. Benneville.' This worker 
found that ferromanganese is slightly decomposed by cold 
water, and readily so, with evolution of hydrocarbons, by 
boiling water. On solution in hot roineral acids there re- 
mains a black residue entirely free from manganese. Cold 
hydrochloric acid (sp. gr. 1-17) furnishes a considerable 
amount of a metallic residue, which, after axtiaction with 
carbon disulphide and ether, exhibits, under a power of 50 
diameters, more or lees decided crystalline groups and 
granular masses with a brilliant metallic lustre. A similar 
metallic residue is also left on treating the ferromanganese 
with strong bromine water. Such crystals are also fomid 
in the residue obtained by boiling the alloy in ammonium 
citrate. 

De Benneville employed for his researches two kinds of 
ferromanganese, which he marked A and B. These had the 
following composition : — 





A, peroent 


B, per wait. 


Carlwn 




618 


Silicon 


0-54 


0-47 


Phoephorus 


0-28 


0-23 


Manganese 


. 78-66 


76-44 


Iron. 


. 15-05 


16-84 


' Jount. Tnm and Sla 


IlKt., 1896, ToLip. 


222, 
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On treatii^ with hydrochloric acid (ep. gr. 1'17) 
in large excess, there remaiQed etyetals which, after washing 
with alcohol, carbon disulphide, and ether, re-washing 
with alcohol, and drying at 125° C, had the following 
composition : — 

Iron , 

Manganeee 
Silicon 
Carbon 
Phoaphonis 

On calculating the atomic ratio and picturing the iron 
combined as FegC, the phosphorus as PsMn,, we then 
have — 



per cent. 


B, per cent 


8-40 


9-16 


51-00 


61-38 


2-94 


I -10 


37-56 


27-80 


0-10 


0-66 





r 0-lS Mtoin Fe 


O'lS Fe 








0-98 „ Md 




O-Oi'o Mn 


0-S8S Hd 


Sple. A 


0-105 „ Si 






0-105 Si 




318 „ C 


o-o'sc 




8-08 C 




OOOS „ P 




oWs p 


... 




0-16 atom Fe 


0-lfl Fe 








l-ll „ Md 




0-06 ■ Mn 


l-06*'Mn 


Sple. B 


0-04 „ Si 






0-04 Si 




2-32 „ C 


o-os'c 


... 


2-27 C 




0'02 „ P 




0-02 P 





As can be seen, the carbon and manganese present in 
the crystals are not in any atomic ratio, and also not in any 
approximately similai' proportion to that in iron carbide. 

By similarly treating a series of samples (20 grms. each) 
of ferromanganese B with 100 c.c. of hydrochloric acid 
(sp. gr. 1-19) and variable quantities of water in the cold, 
he obtained the subjoined results; — ■ 
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' 




» 


« 


» 


• 


Total Yoliuno of liquid 




























Acid, per cent. 


3873 


29-05 


19-37 


12-58 


9-68 


7-75 


Weight or residue from 


0-87 


0-84 


2-75' 


3 '33 


3-41' 


2-26 


20gnns. 














Keaidne, per cent . 


i-35 


4-20 


13-76 


10-60 


17-00 


11-30 




7-85 


8-77 


11-28 


13-49 


11-88 


17-61 




41-56 


26-78 


49-10 


67-49 


69-62 


62-29 


Silioa," 


18'15 


20-47 


4-96 


3-42 


lie 


3-66 


Phosphorus,,, 


I'BS 


2-84 


1-08 


1-24 


0-71 


1-81 




30-40 


24-24 


17-72 


17-82 


11-64 


4-78 



On calculating the atomic ratios of itoQ, manganese, 
pb(^phoxu8, and carbon, we have — 



1 . 


« , ! 4 ^ \ ' \ 


Iron .... ! 0-14 
Honganese . . .0-76 
PhosphoruB . . . 1 0-06 
Carbon . . . . j 2-&3 


0-12 0-20 1 0-24 0-21 
0-47 0-80 1 1-04 , 1-08 
0-09 ■ 0-03 j 0-04 0-02 
2-02 l-i8 1-50 ■ 0-9S 


0-31 
1-13 
0-04 
0-40 



and after deducting FegC and MdsPj — 







i 


s 


4 


> 


8 


Mn. . . . . 
G 


0-72 


0-41 
1-88 


0-87 

1-41 


1-03 
1-42 


1-07 
0-89 


1-10 

0-30 



In the first five cases we therefore have far leas, and only 
in the sixth a little more, manganese than would correspond 
with the formula MnjC 

' 1. Amorphous, cellnkr, granular masses of siliea. Colour white, with taint 
grej tinge. 2. Amorphous cellular granules. White silica resembling pnmiee, 
with mixed bronze-coloured metallic granules. 3. Amorphous cellular masses. 
Metallic, with steel-blue or bronze lustre. No siliceous skeleton present. 
4. Amorphous cellular masses. Bronze-coloured and white metallic lustre. 
Silica, but only in small quantities. 6. Granular metallic masses with st«el-blue 
or bronze-coloured lustre. No silica present. 6. Like 5 ; silica present. 

' Partly or entirely present as silicon, as in 4, 5, and 6. 
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The reBearches show that the residue after solution ie 
not a homi^eneous body, the granular portion being a com- 
plex aubatance. It is also evident that a considerable por- 
tion of the silicon present in the alloys is in the form of 
silicide. Nearly the whole of the manganese was dissolved. 
A portion of the carbon was liberated in the form of hydro- 
carbone. 

Very different reBulta were furnished by treating ferro- 
manganese with strong aqueous solutions of bromine and 
iodine. Silicon and phosphorus are present in small quantitiea 
Unfortunately, no estimation could be made of the carbon in 
the residue. 

Since the amount of iron is insufficient to combine with 
the whole of the phosphorus to form PFcj, it is probable that 
manganese phosphide is also present. 

The examination of the residue gave — 



Seven ibii' cold 
dlgertlonStheioesa 

aolutionsotbrorl. 


Bromine. 


Iodine. 




A B 


Pepcent^e in— 


E«d. 


Ferro. 


Reel- 


Ferro- 


Reid. 


Fwro- 


Reei- 


Ferro- 






BUK«. 


due. 


ganeM. 


due. 


jnnew. 


due. 


Bsneso. 


Iron . . 


0-48 


319 


0-69 


3-60 


0-49 


3 'IB 


0-EO 


2-90 


Mangansae . 


0-44 


0-6* 


0-59 


0-77 










Silicon . 


0-40 


74-1 


18 


40-4 


0-17 


31-6 


0-17 


38-2 


Phoaphonis . . 


0-12 


48-0 


0-12 


48-0 


0'08 


82-0 


0-08 


34 -S 



Whereas, according to the analysis, the residues from the 
treatment of ferromanganese with hydrochloric acid could 
not contain any carbon compounds with hydrogen or hydrogen 
and oxygen, the presence of such is quite possible in the 
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residues from the above bromine or iodine treatment, the 
more so because we have found similar decomposition products 
in the ease of iron carbide, 

De Benneville's researches also extended to the gases 
evolved in dissolving ferromanganese. Dilute sulphuric acid 
(sp. gr. 1"17) was selected as the solvent on account of its 
non- volatility ; solution was effected in the cold. No notice 
was taken of the relation between the weight of metal dis- 
solved and the volume of gas liberated. As these experi- 
ments gave no weighty results, it is sufficient to merely 
mention them here. 

T. W. Ho^ ' treated ferromanganese with a lai^e excess 
of dilute nitric acid (sp. gr. r2) in the cold, and obtained a 
residue which, after filtering and drying over concentrated 
sulphuric acid, had the following composition : — 



Carbon . 
Water . 

Nitrogen 
Mineral matters 
Oxygen (difference) 



40'36 per cent. 
35-73 



6-61 



The water furnished by combustion was not calculated 
to hydrogen. This analysis furnishes, on calculation, the 
atomic ratio — ■ 

Carbon .... 3365 or 6-02 

Hydrogen .... 3970 „ 7-13 

Oxygen .... 2'398 „ 4-30 

Nitrogen .... 0-557 „ I'OO 

It was found that this substance undergoes decomposition 
even at the ordinary temperature. To obtain further in- 
formation on this point, a current of dry air was passed over 
the substance at different temperatures for half an hour each 
time, which treatment gave — 

' Joum. Iron and SUd Iiat., 1886, voL ii p. 179. 
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— 1 


80- 


locr 

per cent. 


ISO- 
percent. 


IW 

38-76 


Loss in weight 


31 


18-35 


22-76 

11 '55 
8 BO 


Absorbed by CaOa 

Totol 


2-1 
1-2 


10-65 
6-25 


!?:! 


S-3 


la-e 


23-15 


"■' 


EioesB of Minoniit absorbed over lou in 
weight 


0-20 


0'36 


0-70 





The experiment was abandoned at 160° C. on account 
of the sudden decompoBition of the substance. The subBlance, 
dried over sulphuric acid, was next heated to 150° C, 
whereupon it gave — 

Loss in weight 25*37 per cent. 



Absorbed by CaClj 
KHO 



12-85 

14-85 



Excess of amount absorbed o 
we^ht .... 



The caustic potash, after the absorption, contained small 
quantities of cyanr^n, and only a little COg, the bulk of 
the absorbed matter being oxides of nitrogen. 

It will be evident that the existing results are insufficient 
to enable any extensive conclusions to be drawn as to the 
relations between manganese and carbon in iron alloys. 
From the forgoing it appears certain that a manganese 
carbide exists in ferromanganese ; but whether elementary 
carbon is also present, or whether — as in the ease of iron — 
there are several carbides — perhaps polymeric — still remains 
undetermined. Kevertheless, the assumption that not un- 
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important amounts of elementary carbon may occur in 
solution, at least in alloya not too rich in manganese, is 
favoured by tbe appearance — as already mentioned — of a 
structural constituent very similar to austenite in all its 
properties.' 

Manganese carbide (Mn^C) was obtained by Troost and 
Hautefeuille on fusing manganese in a crucible lined with 
charcoal. Analysis gave 6'70 per cent, of carbon.^ H. 
Moissan * obtained it in the electric furnace ; it has the 
sp. gr. 6"89, and decomposes water at the ordinary tempera- 
ture in accordance with the equation — 

MngC + GHjO = 3Mn (OH), + CH^ + H^. 

It is therefore probable that the molecule contains only a 
single carbon atom. The decomposition could be explained 
by the following equation : — 



./ 



H 






Mn = C/ 1 " 

-0-H ^Mn 0<H 



"N.. 



^H 



0-H 

H-0 HH ( 

I \/ Mn - - 
Mn C 
I /\Mn-0- 
H-0 HH I 

0-H 



According to private communications by Osmond, no 
double carbide of iron and manganese exists ; the two carbides 
are said to be able to replace one another in the mixed 
carbide (Fe,Mn)gC. Only Fe^O is dissociated at high tem- 
peratures, not MugC ; the latter therefore imparts stability to 
the mixed carbides. 

' Moreover, it is by no lueanB impossible that the solutions of tlia mono- 
carbides (CFe^iCuMng) behave in the same manner aa the aolutions of elemenbuy 
carbon in iron or manganese, i.e. fnmisb austenite, wheieaa only the solations 
of the polycarbidea (C«Fes,) yield martensite. 

' Compl. rtnd., siaiice dn 12th April 187E. 

' Ibid., vol. ojtxii. p. 421, 24th February 18S8. 
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The followiiig reports by Osmond furnish information as 
to the influence of manganese on the position of the critical 
points : — 





Ar.,„- 


Ar,. 


c, 

peroent. 


Si, 


Mn, 
percent. 


I^t. 


Uaximum. 


L-.. 


L^t. 


Uajdmum. 


Limit. 


0-29 


0-oa 




780° 


720-715° 


800° 


680° 


860° 


640° 


0-32 


0-05 


0-50 


HO- 


705-697° 


660° 


880- 


840° 


620° 


0-12 


0-035 


I -00 


725° 


685°? 


Coincident. 


825° 


800° 


0-i6 


01»7 


1-08 


7Hfi"? 


658°! 




620° 


586° 






20-00 




No cri ical point noticeable. 








50-00 












80-00 
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CHAPTER IX 

REMAINING CONSTITUENTS OF IRON ALLOYS 

A. Silicon 

Whereas it was formerly believed that iron could contain 
graphitic ailicoE, Turner ^ subsequently proved that this is not 
the case. 

The presence of iron silicide in commercial iron has been 
demonstrated by Morton." 

According to Drown,* the progress of the reaction occur- 
ring between acids and silicon when iron alloys are dissolved 
therein, depends on the concentration of the acids. Strong 
acids deposit much insoluble silica, whilst dilute acids retain 
a conBiderable quantity in solution. Silicon is also often 
found, otherwise than as silica, in solution residues. A dis- 
tinction must therefore be drawn between such as is un- 
attacked and such as is oxidised during the dissolvii^ of the 
metal. 

In dissolvir^ ferrosilicon (poor in manganese) in dilute 
sulphuric acid, Carnot and Goutal * obtained a residue con- 
sisting chiefly of carbon, various silicides and hydrated silica. 
The latter they hold to be a decomposition product of certain 
silicides. Boiling with dilute caustic potash dissolved the 

' Jordan and Turner, Jour^ Chem. Soc. Trans., llii. p. 215 ; Turner, Jonm. 
Iron and Steel Inst., 1888, i. p. 28. 

' Joum. Iron and Steel Iiut., 1874, l p. 102. 
' De Bennaville, Joum. Iron and Steel Inil., 180B, i. p. 238. 
* Oeslerr. ZeUa.f. Berg- u. Hiittenmesen, 1888, p. 692. 
£51 
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silica and the silicide FeSi ; the resulting ferric hydroxide 
was eliminated by treatment with dilute sulphuric acid, the 
residue being collected on a filter, washed, dried, lightly 
calcined, and extracted with a magnet. The magnetic por- 
tion had the composition — 

Silicon , . 19-7B percent. 19-86 per cent. 

Iron . 79-63 „ 79-84 



Total . 99-38 


99-70 




or, in atomic proportions — 






Silicon .... 


0-7054 


0-7093 


Iron .... 


1-4220 


1-4257 



It therefore agreed with the formula Fe^Si 

A similar examination of products rich in silicon and 
nmi^anese gave the following results : — 





PerceaUgf. 


Iron . . 

Maaganeae 
Silioon . . 


68-2E 
1510 
15-40 


14-70 
15-80 


68-80 
19-30 
14-10 


68-15 
16-80 
14-04 


71-22 
14-58 
14-00 




88-75 


09-10 


99-20 


99-99 


99-80 



or, in atomic 


proportion 


— 








Iron . . . 
Huigaueae 


1-2188 
0-2748 


1-22E0 
0-2673 


1-2285 
0-28e4 


1-2348 
0-3066 


1-2717 
0-2651 


Silicon . 


1-4984 

0-5500 


1-4923 
0-6646 


1-5249 
0-5035 


1-5403 
0-5014 


1-5368 
0-6000 



which well agrees with the formula (Fe,Mn)gSi 

Finally, under similar treatment, ferromanganese gave a 

magnetic residue of the composition Fe^Si. 

From this, Carnot and Goutal conclude that iron may 

contain the sihcides FeSi and Fe^Si ; in iron alloys rich in 



.coy Google 



256 SIDEKOLOGY: THE SCIENCE OF IRON 

manganese, however, (Fe,Mn)jSi may also occur. This latter 
coDtains considerable quantities of manganese. 

H. Moissan prepared the silieidea FeSi and Fe^Si by arti- 
ficial meana The latter appears as short prismatic crystals, 
of sp. gr. 4851, and is formed even below the fusing point of 
pure iron. According to G. de Chalmont,' it is non-magnetic, 
and is barely attacked by aqua regia. By beating iron filings 
with sand and charcoal, this worker obtained crystals of the 
formula FcsSij; white, hard, brittle, only faintly magnetic, 
good conductors of electricity, of sp. gr. 6-36, and but slightly 
attacked by cold aqua regia (IHNOj: 3HC1), which principally 
dissolved the iron. They are quickly decomposed by HCl. 
Colson* prepared the compound FegSijC (presumably 3Fej(Si,C), 
i.e. an iron silicide in which Si is partly replaced by C). 

The author ' made an attempt to determine the molecular 
dimensions of the iron silicide occurring in iron alloys. 



£. Phosphorus 

As is well known, a given percentage of phosphorus pro- 
duces different effects in different kinds of iron. Leaving out 
of consideration pig iron — for which, in view of its method of 
use, cold shortness is a matter of minor importance — steel 
and all kinds of ingot iron are very susceptible in this connec- 
tion. Hard, and especially soft, kinds of refinery iron are leas 
susceptible, wid soft puddled iron least of aU. Thus, whereas 
for example, according to P. von Tunner,* the analysis of the 
best hard grades of steel reveals only O'Ol to 0'02 per cent, 
of phosphorus, and a much inferior grade is characterised by 
0-03 to O'OG per cent., good refinery iron may contain 0-2 to 
OZ per cent., and puddled iron may contain occasionally as much 

' Jcnim. Amer. Chem. Soe., xvii. p. 923, S24. 
' Compt. rend., iciy. p. 131fi. 

i. p. 204. 
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aB 0-5 per cent, and more phoephoms without being regarded 
aB other than good. 

In explanation of this phenomenon, Akerman has pointed 
out that all cold-short grades ot iron — similar to burnt iron — 
are of coarse crystalline fracture, flaky, and of h^h lustre, 
and that their low tensile strength may be attributed to this 
crystalline structure. Since steel already exhibits a greater 
tendency to crystallisation, as a result of its higher carbon 
content, a smaller percentage of phosphorus suffices to render 
it crystalline. In consequence of the liquid condition they 
attain during preparation, especially when cooled slowly, aU 
kinds of cast and ingot steel, and even ingot iron, tend to 
crystallise, and therefore are more susceptible to the influence 
of phosphoinis in this connection. Prolonged heating also 
produces crystallisation, and therefore cold-shortness, in iron, 
as is shown in burnt iron, this result ensuing the more readily 
and completely the higher the temperature employed. Suitable 
mechanical working of the metal eliminates the flaky, coarsely 
crystalline texture, and that the more readily and perfectly 
the lower the proportions of phosphorus and carbon present. 

In contrast to this theory, which agrees very well with 
practical experience, E, W. Cheever ' would ascribe the diver- 
gent action of a given percentage on different kinds of iron 
and steel to the existence of two forms of this element in the 
metal : as phosphide and phosphate (the latter in the accom- 
panying slag). Though this is undoubtedly the case, and it 
must also be admitted that this explanation is very attractive 
at the iirst glance, the hypothesis is, nevertheless, entirely 
inadmissible, as has been shown by L. Schneider,* inasmuch as, 
on the one hand, the analytical methods employed by Cheever 
are open to objection, and, on the other hand, because the 
percentage of phosphorus corresponding to the enclosed slag 

' Trant. Amer. M»t. Ming. Eng., OoMber 188S. 

" OaUrr. Ztiti.f. Berg- u. Huttmmaai, 1887, iiii. p, 861. 
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in puddled iron caimot very well exceed 0002 per cent, of 
the weight of the steel, and is therefore entirely negligible in 
comparison with the harmlesB 03 per cent, of phosphorus 
already present in the material. 

The author ' has made an attempt to solve this problem. 
It ie a well-known fact that iron — at least pig iron rich in 
phoaphoniB — when dissolved in dilute acids, furnishes phos- 
phuretted hydri^en, in addition to hydrogen, hydrocarbons, 
etc., as is readily perceptible from the smell of putrefying 
marine animals evolved. It has also long been known that 
on dissolving the most divei^ent kinds of iron in hydrochloric 
acid there remains an insoluble residue, which, in addition to 
graphite, silica, titanic acid, and iron chromide, may also 
contain iron phosphide and iron carbide. 

L. Schneider' succeeded in isolating the readily fusible 
phosphorus compound by means of an aqueous solution of 
copper chloride, which acts only very slowly on iron phos- 
phide, though rapidly dissolving both pure iron and iron 
alloys. He examined spi^leisen (a), white pig iron (b, c), 
grey pig iron (d, e), white spiegel pig iron (f, g), ^d ferro- 
manganese (h), of the following composition : — 





~'- i 


- 


b. 


- 


-■ 


•■ 


'■ 


g- 


h. 


ChemicaUy 


corn- 


















on . 8-3 




3-58 




0B6 




S-98 


G-28 


Onphite 








2-2 


2-85 










2-5 


1'45 


0-68 


1'48 


0-94 


8-01 


3i 


0-18 


Silicon 


0-Ofi 




0-07 


4-0 


1-8 


0-4fi 


O-flft 


trace 


Manganese 
Sulphur 


. 0-2 




'2-47 




0-07 


4-83 


18'15 


287 


044 


... 


0-02S 




O'Ol 


trace 




trace 


Ti£ininiu 






0'08 


o-'is 


0-01 








Ircm . 
















85-8 



' Oeaterr. Ztits. f. Berg- u. SOOenmesen, 1894, xviii. p, 208 ; Jovm. Irva 
and Stttl I-mU, 1897, vol. i. p. 224 ; Stdhl v.. EUea, 1897, Ho. 18. 
' OeOerr. ZtOa./. Birg- u. HmUnmeien, 1888, p. 736. 
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The dissolved residue contamed — 



To- 




•■ 


100 


100 


100 


100 


100 


100 


h. 


Iron . 


100 


100 


Phoaphonis . 


18 '6 


18 '6 


18-2 


18-2 


1..5 


20-5 


37-7 


38-S 


MangaDBse . 












5-7 


52 'S' 


54-4 



Except when large quantities of manganese are present, 
all kinds of pig iron therefore furnish iron phosphide, of the 
composition i\V, when treated with copper chloride. In 
presence, however, of large quantities of manganese, the per- 
centage of phosphorus rapidly increases with the mai^nese 
content, the formula then becoming MnjPj. 

In the kinds of pig iron examined, the iron phosphide was 
found solely in the condition of a pulverulent crystalline 
admixture, whilst the matrix forming the structure was poor 
in phosphorus. Consequently phosphorus favours the crystal- 
lisation of the more refractory constituents of the iron by the 
formation of readily fusible compounds, which, being the last 
to solidify, are not in a position to separate in lai^e crystals. 
The same phosphorus compounds were also detected by the 
author in steel and bar iron. 

He then started on a new track by more closely examin- 
ing the gases evolved during the treatment of solution with 
dQute acids. The gases were passed thrfiugh two Peligot 
tubes charged with a neutral solution of silver nitrate of 
known strength ; the flow of gas was regulated by an aspirator. 
The reactions then occurrmg are as follows : — 

The Uberated sulphuretted hydrogen forms silver sulphide, 
r to the equation — 

HjS + 2AgN0B = Ag^S + 2HNO3, 
1 i3ilici)Q=0'7 per cent. 
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whilat the pbospburetted hydrogen gas decompoeea the solu- 
tion, with formation of phosphoric acid and deposition of 
metallic silver — 

, SAgNOs + PHg + 4H,0 = 8Ag + 8HNO3 + HsPO,. 

Since arseniuretted hydrogen would act in the same way 
&s phosphuretted hydrogen — 

(12AgN03+ 2H3A8+ 3HjO = 12Ag+ 12HNOg + ASi,03) 
the iron sample in question must be first tested for 
arsenic 

(Antimoniuretted hydrogen also precipitates silver, accord- 
ing to the equation — 

3AgN0g + SbHj = AgjSb + 3HN0g> 

The silver solution employed must not be ammoniacal, 
because the acetylene possibly present among the hydro- 
carbons would then precipitate silver acetybde).' 

According to the forgoing, the precipitate formed in the 
silver solution by the gases liberated during the solution of 
iron by dilute hydrochloric acid or sulphuric acid, consists of 
ailver sulphide and metallic silver. 

On filtering the silver solution through glass wool, and 
titrating the silver in solution with ammonium eulphocyanide, 
the difference gives the sum of the silver thrown down in the 
metallic state and in combination with snlphur. On treating 
the residue on the filter (and any left adhering to the walls of 
the Pehgot tube) with dilute nitric acid, the metallic mlver 
alone is dissolved. This can now also be titrated with 
ammonium sulpbocyanide, whereas the silver sulphide re- 
mains behind undissolved, and can therefore be estimated hy 
differencft 

As now, according to the forgoing equations, 8 atoms of 
silver correspond to 1 atom of phosphorus, and 2 atoms of 
silver to 1 atom of sulphur — 

' According to recent eiperimeuts bj H. Behrens, hoiceTer, no •cetjieiui 
■ppeus oa dissolving iron-carbon alloys in dilute &cida. 
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1 part by weight of Ag = 31 -r- 8 x 108 = 0-0359 of phosphorus, 
1 „ „ =32-=-2x 108-0-148 of sulphur. 

In the phosphorus determinations given below, dilute 
sulphuric acid of sp. gr. I'l (at 18° C.) was selected for 
disBoIving the strips of metal, the operation being started in 
the cold, then heated to boiling, and finally, after complete 
solution, a current of air was passed through the apparatus 
for about nineteen minutes. The silver solution, of which 
each of the Pel^t tubes was chained with 20 cc, contained 
0-00924 grm. per c.c. 

Since nitric acid is formed during the decomposition of 
silver nitrate by either sulphuretted or phosphuretted 
hydrogen, this acid must in time, although dilute, act as a 
solvent on the metallic silver, as is shown by the following 
figures obtained with one and the same material. The 
titration of the metallic silver was performed at widely 
different intervals after complete solution occurred; the 
weights of silver are given in percentages of the substance 
examined. 

terval between Completion of Equivalent Amount of 

Solution and Titration. Ag, per cent. Phosphorus, per cent. 

Imtnediately . . . 0-4749 0-01705 

6 hours .... 0-3683 0'01322 

13 „ . . . . 0-3138 0-01127 

73 „ . . . 0-3318 0-00832 

At anyrate, these figures show that the error i-esultiiig 
from the re-dissolution of the reduced silver is fairly insignifi- 
cant when the titration is performed immediately after pre- 
cipitation. The amount of substance taken was between 0-6 
and 3 grms. 

The following tables contain a few of the values obtained 
by the method described above : — 
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I 


„ i 


^? Pho«i)honii, perMnt 1 1 


■B 1 Delen 

i 1 „SJr 


P. per ^- 


ll 






cent. 
nineil 


i' 


Liber- 
PH,. 


EitiiMtsd by— 


-■»*'■ 


1 ^-sss 


0-1316.0-6521|0-7324006230-1052' ... i Wbite pig iron. | 


2 |8'4ie 


0-0744 


1-7117 


0-738 10 -0026,0 -071 8 0-0725 Dark grey piR. 

1 1 i . /Solvent a«l; H^. 


S '3-418 


0-O744 


0-7680 


0-1604 '0-0068 0-0686' ... .J diluted with equal vol. 

liofHA 
1-0879,0-03831-00871 ... " Panzerguss" for fire 


1 2-298 


1-048 


0-3375 


B. Inoot Iron, Puddled Ieox, and Stbbl. 


5 


0-2254 


00970 


0-6036 


0-1616 


0-0064 


0-091610-0908 


1 


6 


0-1800 


0-0596 


1-0895 


0-0550 


0-0020 




0676 ... 


Short 


7 


1510 


O069O 


1-3583 


0-0.133 


0-0012 





0638 ... 




8 


0-239 


01010 


1-5253 


0-O005 







1010 0-1120 


Good material. 


9 


0-259 


0-0860 


1-7266 


0-0404 


0-0015 





0845 ... 


10 




0964 


1-6567 


0-4514 


0-0162 





0802 0-0789 


Very short. 
Slightly coid-short 


11 


0-273 


0-046S 


2-4316 


0-1504 


0-0054 




0415 ... 


12 


0-308 


0-1242 


2-6820 


0-6768 


0-0243 





0999 ... 




13 


0-843 


0-6849 


2-0424 


0-6902 


0-0248 





6401 ... 


^Cold-shott. 


14 


0-122 


0-8212 


3-0138 


0-5002 


0-O19O 







/ 


IB 


0'375 


0-0847 


2-7547 


0-4749 


0-0171 





0876 "'. 


•i 


16 


0-217 


0-0677 


2-0870 


0-6147 


0-0184 





04930-0487J Cold-short, the ten- 1 


17 


0168 


0-0704 


5-8423 


0-4932 


0-0177 






18 


0-187 


0-0648 


5-5673 


0-8074 


0-0218 





0370 ... atim. 


19 


0-22O 


0-0829 


1-9924 


0-6065 


0-0218 


0-061l|0-0817p 



As these figures show, especially Nos. 15 to 19, the 
increase in eoM-shortneas is aceompamed by an increase in 
that portion of the phosphorus which is disengaged as 
phosphuretted hydrogen when the metal is treated with dilute 
acids. Thus, for instance, whilst Nos. 8 and 9, with O'lOl 
per cent, and 0'086 per cent, of total phosphorus (of which 
but and 0-0015 per cent, are liberated as phosphuretted 
hydrogen), represent excellent material without any trace of 
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cold-Bhortnesa, the samples Nos. 11, 15, 16, 17, 18, aad 19, 
though having a lower (coQBiderably so in some casea) 
percentage of total phosphorus (namely, 0'0469, 0-0847, 
0-0677, 0-0704, 0'0648, and 0-0829 per cent.), exhibit a 
decided, and in part very considerable, degree of cold-ehort- 
nesB ; these, however, on solution in dilute acids, liberate 
far more phosphorus in the form of phosphuretted 
hydrogen (namely, 0-0054, 0-0171, 0-0184, 0-0177, 
00218, and 00218 per cent.) than the first-named 
samples. 

The explanation of this phoDomenon is that a portion 
(fiuctuafcing according to circumstances) of the total phos- 
phorus in iron and steel is separated out in the form of 
granules of iron phosphide (FegP) or manganese phosphide 
(MnjPj), whilst the rest of the phosphorus remains more 
or less evenly distributed thTOughout the residual matrix. 
Now, whereas the latter (which is evolved in the form of 
gaseous phosphuretted hydrogen on treating the metal with 
dilute acids) naturally influences the mechanical properties 
of the material in a considerable degree, the insoluble 
granules of phosphide crystals which are scattered through 
and surrounded by the matrix, have Uttle or no influence 
on the mechanical properties of the material, though, by 
reason of their great hardness, they may, under certain 
circumstances, become unpleasant in the subsequent working 
of the metal (turning, etc.). 

Now, as according to the foregoing data, the granules of 
mai^anese phosphide (Mn^Pj) contain twice as much phos- 
phorus as the particles of iron phosphide (FejP), the deposi- 
tion of phoBphoruB in the form of phosphide granules must 
be facilitated by the presence of manganese ; i.e. manganese 
counteracts the evil effects of phosphorus — which is a fact 
that has loi^ been known. 

Furthermore, it is highly probable that the dimensions of 
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the phosphide granulea are the greater, and therefore the 
more readily noticeable during the turning or other working 
of the metal, the more fluid — ie. the hotter — the material 
has been, and the slower the cooling proceBB ; the more time 
therefore there was for the phosphide granules to form. In 
the converse case (the amount of deposited phosphide 
being equal) the granules would be much smaller but more 
numerous. 

The author examined two samples of welded iron, which 
fully confirmed the opinions expressed above. The examina- 
tion gave the following results : — 



Carbon 

Silicon 

Hanaanese 

Sulphur 

PhosplioniB 

Breaking strsiD, in t<ina per sq. in 



0-123 

O'lOS 

0'094 

0-022 

0-4557 
19'171 
29-21 ^22 
18-791 



Sectional contraction, per cent. 



37-8. 
Easil; weldine. 
Very high cold, 
shortness. 



Since, notwithstanding its lower percentage of total 
phosphorus, the material A exhibited far greater cold-short- 
ness than B (both l)eing in the natural state of hardness), a 
determination was made, in both samples, of the amount of 
phosphorus liberated as phosphuretted hydrogen on treatment 
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with dilute acids, and of that left behind insoluble. In order 
to inve8t%ate the alteration produced in the condition of the 
phosphorus by hardening and annealing, the material was 
heated to about 1000° C. and examined both after sudden 
quenching in cold water and after slow cooling. The 
phosphorus contained in the phosphides was estimated by 
dissolving in nitric acid of sp, gr. IS the residue left on 
treating the material with dilute sulphuric acid (1 vol. con- 
centrated acid plus 10 vols, water); the product was oxidised 
with permanganate, the resulting precipitate of manganese 
peroxide dissolved with a few grains of oxalic acid, then 
treated with ammonium nitrate and precipitated with molyb- 
denum solution. The results were as follow : — 



sample. 

AnneaUd 

Natural 
hardness 

Annealed 

deiied in 
cold water 




A, 


B. 


Sample, 


T^tLlP. 


s^vl 


T^talP. 


/Liberated as PH, 

Totol . 

/LiberatoJ as PH, 
\D«po9ited as phosphide 

Total . 

[Liberated aa PH, 
rDeiKDaitedaai>ho8i.bide 

Total . . 


0-3425 
0998 


77-ae 

22-34 


... 




0-4423 

0-3553 
0-0870 

0-4423 

0-3677 
0'0746 


100-00 

ao-33 

19-67 


0-2887 
0-1670 


63-35 
36 65 


100-00 
16-87 


0-4557 

0-3133 
0-1424 


100-00 

68-75 
31-25 

100-00 


0-4423 


100-00 


0-4557 



This table also shows that a larger amount of phosphorus, 
liberated as phosphuretted hydrogen on dissolving the metal 
in dilute acids, corresponds with greater cold - shortness ; 
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further, that the amount of deposited phosphides is greater 
after annealii:^ and smaller after hardening than it is with 
the same metal in the natural state of hardness. Conse- 
quently we are fully justified— the ease being analogous to 
that of the different modifications of carbon — in terming the 
phosphorus liberated as PHj " injurious " or " hardening " 
phosphorus, and the modification insoluble in dilute acids 
" phosphide " phosphorus. 

The mutual transformation of these two forms of 
phosphorus occurs in exactly the same way as with the 
corresponding forms of carbon, only that in the former 
it apparently does not extend so far as, and proceeds 
more slowly than, in the latter. 

Furthermore, it seems very probable — and has indeed 
been confirmed by the experiments of H. Eehrens and van 
Linge ' — that the phosphides are embedded within the 
carbides. 

From the fact that the hardening capacity of steel is 
diminished by an increasing percentage of phosphorus, it has 
been rightly deduced that phosphorus favours the deposition 
of carbide. On the other hand, the injurious influence of 
phosphorus increases with the percent^e of combined carbon, 
particularly hardening carbon. 

One might be inclined to conclude from this the 
existence of a special chemical relation between these 
two elements ; but, apart from this, it is nevertheless 
possible that the phenomenon is mostly due to physical 
causes alone— by increasing the amount of the readily 
fusible (and longest in solidifying) portion of the alloy, 
the resulting facilitation of crystallisation, and by the 
diffei'ence between the aolidifyiug points of the phosphides 
and carbides. 

On calculating from the last table the relation between 
' Fresenius, Zeits. f. aiuUyt. Chein., niilii. p. 513. 
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the phoaphide phosphorus, in the natural conditioD of hardness 

(P„) and after hardening in water (P^) — 

^ , . P„ 0-0870 , ,„„ 

Sample A. —5 = = 1166 

*^ Pj 0-0746 



Sample B. 



01670 



1172, 



Pa 0-1424 

it will be found almost the same in both cases; and the 
probability is that the separation of the phosphides, with 
different percentages of phosphorus, proceeds in inverse ratio 
to the enei^ of the hardening process. 

Mention may here be made of some older researches by 
Osmond and Werth,' wherein the content of phosphorus in a 
condition such as to be capable of hberation in the form of 
PH, was estimated by absorption with silver nitrate solution. 
The results are contained in the following table, to ■ which 
there has been added merely a single column showing the 
difference (i.e. phosphide phosphorus) between the total phos- 
phorus and that liberated as PH^: — 



Haterua. 




OomporiUon. 


PH,. 


(-Pboi- 
phideP). 


^t. 




a. 


per 


P, 


Acid BEasEMES Stkkt.. 
















Before •dding spie- 
After adding epiegel- 










0-085 


0-044 


0-021 










O'OSB 


0'028 


0-037 


Basic Bbsseubr 

Steel. 
















Before adding spie. 

gelaisen 
After adding spiegel- 








0-0S8 
0'022 


0-046 
0-046 


0-030 
0-018 


0-016 
0-02S 



















' Thiorie cttMaire, Mim. de I'ArlitlerU de la Marine, 1887, toI. ii. p. 278. 
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Hkterikl. 




CompMidon. 


P, libcr- 


libeV^ 
phwSp). 


c,^ 


per 


6i, 


8, 


per 


Martin Stbbl. 














Before adding epie- 

geleisen 
After adding spiegel- 










0-033 


022 


011 


0-49 


0-37 


076 


0-024 


0-041 


014 


0-027 


Hardened 
Very miJd steal 
Diamond steel Ko. 1 
OrdioaiT Bessemer 

steel 
Oidinarj Bessemer 

steel 
Pig iron . . . 
Burnt iron from the 

Moselle, in pseudo- 

cryataU 

Basic Bessemer pig 


0-49 
0-18 
1-17 
0-50 


0'37 
10 
0-18 
0-69 


0-076 

0-44 
0-11 


0-024 
0-060 
0-018 
0-042 


0-041 
0-070 

0-065 


0-018 
0-048 
0-005 
0-030 


0-028 
0-021 
0-028 
OOSfi 


0-49 

o'-'ii 

4 '00 
3 ■00 


0-74 

trace 

19-84 
2-16 


0-23 
0-058 

i-7i 


0-022 
0-032 

o-'is 


0-065 

0-055 
0-810 

0-145 
2-500 


0-026 

0-041 
0-147 

0-004 
0-087 


0-039 

0-014 
0-663 

0-141 
2-463 


Refinery pig iron . 


3-00 


0-07 


0-37 


0-48 


1-760 


0-038 


1-712 



la geaeral, these results show that a high percentage of 
carbon ia accompanied by a h^h proportion of deposited phos- 
phides, this being especially the case with the first six samples, 
which represent three different sorts of steel before and after 
an addition of spiegeleisen (though the contained manganese 
may also have played some part here). An exception is 
formed by the " Diamond steel " with 1-17 per cent, of carbon 
and only 0"028 per cent of phosphide phosphorus; probably, 
however, because the total phosphorus in this case was only 
0033 per cent. The burnt iron forms another exception ; 
probably in consequence of an oxidation of hardening carbon, or 
because the conversion of hardening phosphorus can only occur 
at a comparatively high temperature and at a very slow rate. 

If, therefore, phosphorus seems to favour the deposition 
of carbide, it would also appear aa though, conversely, carbon 
favours the deposition of phosphorus. Consequently the phe- 
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nomenon of cold-shortness would not be solely, or to so great 
an extent, dependent on the amount of hardening phosphorus 
present. It is necessary to take into consideration at least the 
total amount of the phosphides and carbides present, or, in other 
words, the amount of the portion that solidifies last during 
the cooling of the molten metal, inasmuch as the formation 
of crystals in the portion of the iron that solidifies first is 
greatly facHitated as the quantity of the mother metal increases. 
E. D. Campbell and S. C. Babcock ' also distinguish 
between two different forms of phosphorus in iron and steel) 
Tbey heated three different sorts of steel to 900-1000° C, 
and allowed one of each to cool slowly, the others being 
hardened from various initial temperatures by immersion in 
water at 4—5° C. Determinations were made of the portion 
of phosphorus soluble in acid mercuric chloride solution, with 
the following results :- — ■ 





Themul 
TrestiMiit. 

Bunealed 
hardened 


-rSsrStrl;! 


in Acid HgOl^ 


o-io 


P, 
percent. 


per cent. 




^."^S!^ 


^,'^^' 


0-119 


0-484 


719 
825 
938 
1028 


0-099 
0-081 
0-079 
0-080 
0-088 


8fl 
67 
72 


2 
03 

2 

2 


0'37 


0-1 80 


0-820 


annealed 
hardened 


728 
827 

1027 









137 
110 
068 
048 
049 


85 
88 
41 
30 
30 


8 

2 

8 


1 


32 


0-098 


0-7 


80 


annealed 
hardened 


719 
750 
826 
028 
1023 


0-098 
0-087 
0-061 
0-018 
0-016 
0-018 


100-0 
89-8 
52-0 
18-3 
15-3 
18-2 



■ J(fum. Arner. Chem. Soc, vol.iii, pp. 786-790. 
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An estimate of the molecular weight was made by the 
author.^ 

C. SULPHDR 

H. Eocboll reported that the whole of the sulphur is not 
liberated as sulphuretted hydrogen when cupriferous iron 
alloys are dissolved in acids ; and Fresenius, C. Meinecke * and 
others found lai^er or smaller quantities of sulphur in the 
residues from iron treated with acids ; whereas, on the other 
hand, G. Hattensauer' (who found an equal quantity of 
sulphur from Martin metal, both on oxidising the liberated 
sulphuretted hydrt^n and in the residue left after treatment 
with concentrated sodium-copper chloride), Craig, F. Brag- 
man,* J. 0. Arnold, and H. J. Hardy * proved the conversion 
of the total sulphur even in presence of copper. 

According to Eocholl,* the sulphur in ordinary pig iron 
and Bessemer iron is converted almost entirely into sul- 
phuretted hydn^n by acids, whereas in cupriferous iron the 
percentage of sulphur left in the residue increases with the 
amount of Cu present in the sample. 

According to Turner,' only a portion of the sulphur in 
iron containing silicon and sulphur is converted into H^S by 
the action of HCl, the rest being retained by the graphitic 
mass imattacked by this acid. He assumes that sulphur 
occurs in two modifications in pig iron. 

L. Schneider* found no sulphur left in the undissolved 

residue, provided sufficient hydrochloric acid had been used, 

and the whole boiled half an hour after the evolution of gas 

had ceased. C. Eeinhardt,* again, found no ponderable 

' Jaura. Iron and Steel Imt., 1899, vol. i. 

* ZeiU.f. angtw.' Chem., 1888, p. 376. ' Chem. Zlg., ii. p. 621. 

* Chtm. News, liv. p. 290, ' Cheia. Neva, Iviii p, 41. 
'Ibid., llvi p. 23fi. 

' Jiutm. Iran ami Steel Imt., 1888, vol. i. 

' Oesterr. ZtUa. f. Berg- u. HUttenrntKn, 1898, No. 38. 

* SUM u. ^ieii, 1S90, p. i30, 
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amoimt of sulphur in the residue left on using HCl of sp. gr. 
1-19. 

According to L L. de Koninck,' when dilute acidfi are 
used, a portion of the sulphur is left in the residue in the 
form of organic compounds ; also, according to W. Schulte 
and Phillips, a portion of the sulphur is liberated, not as 
sulphuretted hydrogen, hut as (CHj)jS. 

According to Camot and Goutal,^ the sulphur appears as 
MnS when manganese is present ; probably, however, FeS, 
and perhaps also copper sulphide, is likewise present. 

D. Chromium 

This element occurs in two typical forms in iron — (a) 
distributed (dissolved) in the main mass of the metal, and 
therefore readily soluble when treated with acids ; and (6) 
deposited in the form of aeicular crystals, which are attack- 
able only with difficulty by acids. These needles consist of 
iron-chromium carbides, the composition varying — with the 
percentage of chromium present. Up to the present, the 
following have been detected :— 

In 50 per cent, ferrochrome, CrjFeCj (H, Behrens and 
van Linge ; H, von Jiiptner). 

In chrome steel with about 30 per cent, of chromium, 
CrjFejCg (H. Behrens and van Linge). 

A. Camot and Goutal * have examined ferrochrome of the 
following composition :— 





1 


Iron 

Carbon 


82-8 par cent 32-2 per cent 
67-0 „ 59-1 „ 
9-9 „ 9-1 



* Oompt. rend,, vol. czxv. p. 221. 
L pp. 1210-124&. 
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This they treated with pure hydrochloric acid for two 
daya at 60° C. The insoluble residue was treated with a 
Bolution of cadmium- and tungaten borate, and then brought 
into solution by dissociation with potassium sulphate. The 
composition corresponded with the formula FejCrgC;, which may 
also be written FejC . 3Cr,Cj. Now FejC is cementite, and 
CVgCg is the chromium carbide obtained by Moissan in the 
electric furnace. According to this, we have to do with 
either a definite compound or a mixttire of these two carbides. 

In chrome steel with 2 per cent, and 0-57 per cent, 
of chromium, they found a carbide of the composition 
3Fe,C . CrjCj. It would appear as though the carbides of 
iron and chromium had the power of forming double carbides 
of divergent composition, the one in ferrochrome containing 
3 mols. of chromium carbide to 1 moL of iron carbide, whilst, 
on the other hand, the one in chrome steel of low chromium 
content contains 3 mols. of iron carbide to 1 of chromium 
carbide. 

E. TUXGSTEN 

According to Behrens and van Linge, this element is 
deposited as Fe^W, or Fe^W according to Camot and GoutaL 



F. Molybdenum 
is deposited in the form of FcjMoj in iron alloys, according to 

Camot and Goutal. 



G. Nickel, Copper, Titanium, 
and manganese in excess, seem (according to Camot and Goutal) 
to occur dissolved as such in iron, and therefore to be deposited 
as elements when the metal is dissolved. 
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H. Oxygen 
occurs naturally in iron solely in combination, principally as 
MnO and FeO, though under certain circumstances SiOj may 
be deposited. 

The microscopic appearance, as well as the phenomena of 
the curves of recalescence, indicate that oxides, like sulphides, 
are only deposited when the metal has become solid, and at 
temperatures below 900° C. 

According to Camot and Goutal,^ the state of combinatiou 
of S and P in manganiferous steel does not appear to be 
changed by hardening. Arsenic seems to appear in the free 
state in steel that has been cooled slowly, whereas hardened 
steel probably contains FejAa. 

' Compt. rend., 8th Julj 1900. 
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CHAPTER X 



Like all other liquids, fluid iron ia capable of occluding gases ; 
in fact, some gases are also absorbed and retained by the 
metal when in the Bolid state. These gases are naturally 
subject to the general laws of absorption — 

1. The solubility of gases in any solvent is proportionate 
to their pressure (Henry's law, 1803). 

2. For all gases that follow Henry's law, hy dissolving in 
proportion to their pressure, the osmotic pressure is equal to 
the correBponding gas pressure (Van't Hoff). 

3. In a mixture of gases, each gas dissolves in accordance 
vrith its partial pressure (Dalton, 1807), i.c., when several 
gases are dissolved together, each exerts the same osmotic 
pressure as though it were alone. 

These laws naturally apply only so long as the gases do 
not suffer any chemical change in absorption, i.e. so long as the 
molecules have the same composition and dimensions in the 
free and absorbed state. Otherwise exceptions occur, and it 
is just these deviations from the laws of absorption that 
prove the gases to have suffered chemical change during the 



If now we examine the gases occurring in iron alloys, we 
find them to consist of carbon monoxide, hydrogen, nitrogen 
(ai^on), carbon dioxide, and small quantities of oxygen, as 
the following analyses of the gases enclosed in the bubble 
cavities show : — 
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Compositi 


onoIGse. 


, 


M»t«ri.l. 


UeUiod 










1 


ofOas. 
















CO.. 


CO. 


H.. 


Nr 


i 






Tr~ 


~' 


~n~ 


T^ 


CO. 




Ctarooal pig iron . 




29^ 






27-0 


2-6 




BOO grma. heated 


18-7 


0-8 


28 


12 '3 


1-0 




Forged cast steel . 
Mild wrought iron 


. to 800° C. m 


2-20 


0-05 


1-40 


0-BO 


0-25 
















1 


. (welding iron) . 




13-6 


2-2 


10-8 


4-4 


11 


C»Bt Bteel 

Charcoal pig iron , 
Mild wTODgbt iroD , 


500 grms. bested 
to 800° a, first 
in hydrogen, 
then tn vacKO 


46 -a 

7-8 

is-a 




1-0 
0-9 
0-6 


44-0 
6-4 
10-0 


1-E 
0-6 
3-3 


1 


CaatetefX 


Same treatment, 


ia-9 




I* -7 


1-6 


0-7 


1 


Mild wcougSt iron . 


. first in CO, 


3 '2 




2-0 


0-8 


0-4 
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Zyromski, by annealiDg different rods of steel in a 

porcelain tube, obtained the following quantities of gaa : — 



Bample 



23-650 
24 '460 
24-432 
24-353 
23 '095 
24-851 
2S-453 



Miiller's invest^tion of the gases escaping during or 
shortly after the filling of the mould, gave the following 
results (tabulated abstract by Diirres);— 



[Tablb 
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hot fused char^ with mode- 
rate Si and Mn oontent 
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From these reseaxcbes Miiller draws the following con- 
clusions : — 

1. Molten iron and steel contain a mixture of gas, con- 
sisting of CO, Hj, Nj, and COj, with email portions of free O3, 
the mixture being of very variable composition, and present 
partly in solution and partly in combination (alloyed). 

2. As cooling proceeds, a mixture of these gases is 
liberated, chiefly consisting of carbon monoxide, together with 
hydrogen and nitrogen, though fluctuating between certain 
limits according to the nature and treatment of the iron. 

3. The solidified metal retains a quantity of imprisoned 
gas, which is liberated by broaching, and consists mainly of 
hydrogen and nitrogen, with a greatly diminished proportion 
of carbon monoxide. 

4. By heating the comminuted metal to redness in vacuo, 
small quantities — to be r^rded as combined remainders — 
of the elementary gases can be driven out and determined. 

On comparing the behaviour of the gases absorbed into 
iron with that of gaseous solutions in water and similar 
liquids, we find that carbon monoxide, carbon dioxide, and 
(partly, at least) nitrogen, follow the law of gases. They are 
also displaced, with comparative ease, from their condition of 
solution in iron, by other gases ; and, according to the above- 
mentioned researches of Troost and Hautefeuille, it would 
also appear that the proportion of carbon monoxide at least 
that can be dissolved varies inversely with the amount of 
extraneous substances in the iron. 

An entirely different behaviour is exhibited by hydrogen, 
which, indeed, as already mentioned, is almost the only gas 
present in solid iron (apart from the gases enclosed in the 
bubble cavities). 

Thus Ledebur determined the amount of hydrogen 
retained by the solid metal (the gas bubbles being as 
far as possible excluded) by the combustion of the finely 



.coy Google 



divided samples in dry oxygen, and obtained the followii^ 

results: — 

Fenomanganeae with 70 per 

cent. Mn , . . 0-0028 per cent by weight. 
Ferroailicon with 11-29 per 

cent. Si, 2'08 per cent 

Md, and 1-59 per cent. C 00028 „ „ 

Martin iron (poured) with 

0-10 per cent. C, 014 per 

cent. Si, and little Mn . 00017 „ „ 

As far back as 1866 Gtabam ' found that not only is 
hydrogen able to diffuse through the metal of a red-hot iron 
pipe, but also that the metal, when allowed to cool down in 
an atmosphere of the same gas, ocdudea 0'46 per cent, of 
its own volume thereof.^ Subsequently CaiUetet,^ by electro- 
lysing a solution of ferric chloride, rendered neutral by ammonia, 
obtained lustrous crystals of iron which were hard enougb to 
scratch glass, and contained 0'028 per cent, of hydrogen. 
Johnson,^ Hughes,* Baedeker,^ and Ledebur,* showed that iron 
corroded by dilute sulphuric acid or hydrochloric acid will 
absorb hydrogea The author has had occasion to observe 
that in such cases the hydrogen can diffuse through sheet 
iron and produce lai^e bubbles in defective places. In these 
bubbles the gas is contained under considerable pressura 

liobertB-AuBten found that the electrolytic precipitation 
of iron does not always furnish the hard form capable of 
scratching glass. He gives the breaking strength of electi-o- 
lytically precipitated iron as 27 tons per square inch, in- 
creasing to 15^ tons after annealing at 800° C. 

The previously cited analyses of the occluded gases show 

'■ Graham, CollecUd Worla, p. 2"fl. ' Compt. rend., Ixii. p. 319. 

' Proe. Roy, Soc., 1875, xxiii. p. 168. 
*J<wm. Soc Telegraph. Eng., 1880, p. 168. 
'Zeila. d. Ver. detUKh. I-ag., 1888, p. 186. 
• Slaia u. EUm, 1S87, p. 6S1 ; 1880, p. Ul. 
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that Bessemer steel in 
tbe solid state contains 
far more hydrogea than 
nitrogen or carbon mon- 
oxide, although in tbe 
converter the metal is 
traversed by powerful 
currents of air containing 
only a relatively small 
proportion of water 
vapour. 

Special interest at- 
taches to the latest re- 
searches of Eoberts- 
4a7'c Austen.^ By galvanic 
^gg,(. precipitation of a care- 
fully prepared,chemically 
pure solution of ferric 
chloride, he pi-oduced a 
piece of pure iron 5 
grms. in weight ; this 
was rather harder than 
fiuorspar, and, when 
warmed in water at 7 0° 
C, disengaged hydrogen, 
the evolution of gas 
ceasing after several 
^*°*^ houra The iron vms 
inserted in a porcelain 
tube, which was then 
evacuated by means of a 

II32'C 1 Fifth lUporl to the Alloys 
Saeareh CommitUe nf fAe Iial. 

Diaengajiemita of htti 
Fiff. 8G, 
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mercury air-pump, and heated, whereupon a further evolution 
of hydrogen was obtained. Although this disengagement of 
gae never entirely ceased, it was nevertheless very slight 
indeed by the time the temperature of 1300° C. was 
attained. 

Fig. 85 represents the cooling curve of this metal after 
being four times heated, and shows that the same contains 
at least three hitherto undetected critical points. The co- 
ordinates are, as usual, time and temperature ; the latter, 
however, does not represent the actual temperature of the 
metal, but to a large extent the disengagement of heat at the 
temperatures given below. 

The critical points observed are the following t—The 
point A, at 1130° C, which had already been observed by 
Dr. E. J. Ball ; also B, corresponding to the ordinary point 
Arg of Osmond, at 895° C. In the course of further cooling, 
the point Ar^ appears at 770° C. Ar^ is absent. On the 
other band, a disengagement of heat recurs at between 550° and 
600° C, though its precise position is difficult to define, as 
it seems to vary a little on the repetition of the experiments. 
The next critical point is one of extreme interest. It occurs 
between 450° and 500° C, and appears to be connected with 
the retention of hydrogen by the iron — even though heated 
to 1300° C. Finally, another critical point appears at 
270° C. (i.e. 400° C. below red heat). 

These researches throw a new light on the relation 
between iron and hydrogen. The two lowest of the critical 
points mentioned appear even after the electrolytically pre- 
cipitated iron has been heated in vacuo three times in suc- 
cession to 1300° C; however, on frequently repeating this 
heating in -vacuo, they become so faint as to be difficult of 
. identification. There is therefore little doubt but that they 
are caused by the presence of occluded hydrogen. The higher 
of these points might correspond with the deposition of an 
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iron hydride from the solid solution, the lower one (at 270° C), 
however, to the appropriate eutectic solution. 

It is worthy of note that the amount of heat liberated by 
electrolytically precipitated iron at all the critical points, 
except the lowest, is diminished by repeated heatii^ in vacuo, 
but can be restored to the original figure by re-saturating the 
metal with hydrogen (employing the iron to serve as negative 
electrode in the decomposition of acidified water). These 
results, which indicate that the molecular chains of conditioii 
of iron depend on, or are at least influenced by, the presence 
of small quantities of hydrogen, entail further careful investi- 
gation. Other researches of Austen's, still uncompleted, in- 
dicate that the relations between iron and hydrogen are far 
more complex than was beheved. 

Mention must here be made of the noteworthy circum- 
stance that it is just the tetravalent metals of Mendelejeff s 
group VIII. (namely, iron, cobalt, nickel, ruthenium, rhodium, 
palladium and osmium, iridium, platinum) that exhibit a 
special affinity for hydrogen. 

Hilrogen, also, is tenaciously retained in small quantities by 
iron ; the researches on this point, however, are so incomplete, 
and the influence of nitrogen on the properties of the metal 
so slight, that mere mention must suffice. Furthermore, the 
fact that iron forms with carbon monoxide a definite chemical 
compound of ready volatility need only be referred to in 
passing. 
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BOOK IV 

THE CHEMICAL COMPOSITION OF SLAG 
CHAPTER I 

INTRODUCTORY 

The mutual ' reactions occurring between slag and ' metal 
constitute one of the most important factors i^ the majority 
of metallurgical processes. Later on we shall have occasion 
to go into this matter more fully, but will now proceed to 
deal with the chemical composition of slf^ bo that afterwards 
we can revert, thereto. 

. A. Ledebur was the first to regard slags as solutions, in- 
stead of complex chemical compounds. On this point he 
says:' — 

" All the constituents of slags, and especially the oxides 
mentioned,* of which the slags mainly consist, appear in 
extremely fluctuating mutual proportions, and without refer- 
ence to stochiometric ratios. Hence it follows, in the first 
place, that a slag is not necessarily a single chemical com- 
pound (e.g. a silicate of definite formula), but should be 
regarded as a solidified solution of various chemical compounds 
in one another. That these compounds mainly consist of 

I Sandlmch der EiaenhiUienkunde, 2nd edition, {. p. 175. 
' Oxides of metiila, silicon, phosphoms, etc. 
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oxygen compouods of the metala and metalloida has already 
been mentioned." 

He also says : ^ — 

" Borax and phosphate m a. molten condition lorm excel- 
lent solvents for a very large number of oxides, and solidify 
therewith to ' glasses ' of homogeneous composition, no matter 
what the mutual proportions by weight. There is no reason 
to suppose that, when silica or phosphoric acid are brought 
into association with lime, mf^esia, ferrous oxide or other 
substances at high temperatures, the formation of a simple 
mutual solution of the bodies is impossible, and that much 
closer combination must necessarily occur. 

" Of course there is no doubt but that certain combina- 
tions can occur within a solution, and therefore also within 
a liquid slag, though, to be sure, these combinations do not 
come into decided evidence until solidllication is proceeding. 



How accurate are these opinions of Ledebur we shall aee 
hereafter. 

To facilitate the study of the chemical composition of 
slags, we will divide them into three groups, viz. — 

1. Sihcate slags, consisting of metallic oxides and silica. 

2. Phosphatic sl^s, consisting of metallic oxides and 
phosphoric acid. They occur solely in admixture with silicate 
and oxide slags. 

3. Oxide slags, consisting solely of metallic oxides. These, 
also, are not met with pure in practice. 

' Zoc. cit. p. 178. 
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CHAPTER II 



SILICATE SLAGS 



Before proceeding to describe the silicate slags, we will first 
make the acquaintance of the various existing hydrates of 
silica. 

Of all the possible forms, only ortbo- (H^SiO^) and meta- 
silicic acid (HgSiOg) are known in the free state. They fur- 
nish numerous other pyro- or poly-silicic acids on hydrolysis 
(e^. di-silieic acid, H^SijOj, and tri-silicic acid, H^SijOg), but 
these are not known in an uneombined condition, though 
many of the corr^ponding silicates are found as minerals. 

The subjoined table (chiefly after Weltzien) shows all the 
theoretically possible varieties of sihcic acid. 
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The formula in italics is the general formula for silicic 
acid, which, however, only has an actual value when both n 

' Impossible, since it is only 2{H,SiOj). 
« Impoasible, since it is only 3(HjSiO,), 



.coy Google 



292 SIDEROLOGY: THE SCIENCE OF IRON 

and m are greater than zero. Of course one can also imagine 
the occurrence ot isomers among the silicic acids, e.g. — 

*j[ Si-O-H 

=:0;|;>o„.o/i\ 



o 



Si-0- 



H 



and also that certain of these will merely represent a plurality 
of molecules of simple hydrated silica. This latter event may 
ensue when the formula of a polysilicic acid is a multiple of 
a more simple one ; it inust occur when the formula ia a 
multiple of an ortho-silicic acid. 

The silicates, also, can be divided in accordance with this 
scheme, and we thus obtain, for example, meta-mono-silicates, 
ortho-di-siUcates, hexabasic tri-silicates, etc. 

In metallurgy, however, a different nomenclature is gener- 
ally employed, as is shown in the appended table, along with 
the corresponding older chemical names. 



Oiygen Ritio. 
Add 

i ;li 

li :: 

2 : 1 
8 : 1 


OWffCbemical 




MolecuUrFomralnfor- 


Monoxide 


"tt?" 


i-silioate 
i- ., 

s- „ 


Sub-silieate 

Singulo- „ 

Sesqni- „ 

Bi. „ 

Tri- „ 


Mo. 

SjSiO. 
SAO. 
fisio, 
tsijO, 


i^iO. 

Ma. 
«,si.o, 
S.SI.O. 
Sao, 



In order to obtain further information on the constitution 
of the silicate slags, we may now make use of the fusing-point 
curves and the microscopical examination. 

With regard to the latter, it should now he mentioned, 
once for all, that amphibole minerals, felspar minerals, free 
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SILICATE SLAGS 



acids, and free seaquioxides, are never found in slags. The 
first named have never been prepared by mineral synthesis 
(fusion) ; the occurrence of alkali-felspar is impossible on 
' account of deficiency of alkali ; and melilite or gehlenite 
always appears in place of anorthite and labrodorite. 

Consequently the presence of free sesquioxides and free 
silicic acids as constituents of silicate sl^a is primd fade 



No fusing-point curves have as yet been compiled for 
slags ; and in fact, as the foRowing table will show, the 
existing reports on the fusing temperatures and temperatures 
of formation of slags are very defective -.-^ 

k. Tempbbatcres detbrmcnbd with Frinobp's Allotb. 
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{Both alttgs were full of bubbles when cold. Com- 






pleto msion doesnotaeemtooccnr below 1130° C.} 






Copper-ore concentration slag .... 
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Melaphyr from Mulatto . . . 








1106 










1106 


Hanyn basalt from Neudorf, neat Annaberg 
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Leucite basalt from Pohlberg, near Annaberg 








1130 


Syenitfl from Edle Krone, near Tharandt 
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Pitchstone porphyry from Leisnig 








1130-1160 


Quartz porphyry from the Travigno Valley 
Asbestoa, about 






1130-1160 
\ 1300 


Regulus slag from the old Freiberg method 
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Pare Altenberg zinc slag 
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Copper 








1100 


29'lSiO3 + 70-9BaO .... 
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520 "„ +48'OC'aO , . . . 




ere ,, +38-2 




59*8' +40-2 MgO 




690 „ +310 ...... 








84-3 ,, +357 AljOj .... 








73'0 ,, +27'0 „ . . . . 




/ 




Blast-furnace slag : 60% SiO^, 17% AljOj, V/ 


FeO] 






and 307 CaO 




1392 


1208 


Freiberg regulua slag: 48% SiO„ 9% A1,0„ 8?% 
FeO, 4-5% CaO, l-fi% MgO ... . 






1326 


116S 
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Freiberg legalaa slag: 50% SiOj, 6% AljO,, 38% FeO, 

3%CaO, l-5%MgO, l'5%BaO 
Freiberg lead a!ag: 3S-5% SiO,, 40*5% FeO, 8-5% 

AljO^ 4% CaO, 3% MgO, 7-6% BaO 
Freiberg black copper slag : 32 -7 % SiO„ 60 -3% FeO, 

and r% ALOs— 
(o) Fused in iron craeible .... 
(6) Fused in earthen crucible 
ReguluB slag from 3'45dryore, and 5-85 lead aUg . 
Lead slag from 234 toasted lead ore, I'SO toasted 

reguluB, 5-00 of lead slag, 0'30 powdered coke 

Almandine 

Common hotnblende from Marieubei^ . 
Basaltic hornblende from Luekow, near Teplitz 
Amphibole from Ztllerthal .... 
Adular from St, Gotthard .... 
Bronzit« from Kupferberg (Bohemia) 
Tourmaline garnet from Mulatto, partial incipienl 

fusing point 

Tourmaline garnet, portions still remained unfused. 
Micaceous porphyry from Knorre, began to fuse a 
MicaceouBporphyry,partiousBtilI remained un fused at 



1344 
1220 

1273 
1220 
1297 

12G8 



1172 
1166 
1172 

1160 
1130-1160 

1130 

1166 
1385-1413 
1400-1420 
1420-1436 

1227 

1400 
1227 
1462 



B. 


Alumina- Lime -Si NoiTLO-SiLicATBS. 


Temperatures 


DETEKMINED BY 


Segeb Cone.' 














No. 


8iO„ 


A1.0,. 


CaO. 












intheSUg. 










1 






3-4965 


1570 


2 




1-1071 


3-3217 


1528 






0-2141 


3-1469 


1492 






0-3212 


2-9720 


1468 


6 




0-4283 


2-7972 


1451 


6 




0-B353 


2 6224 


1439 


7 




0-6424 


2-4476 


1430 






0-7495 


2-2727 


1422 


9 




0-8565 


2-0979 


1417 


10 




0-9630 


1-9231 


1412 


11 


1-8762 


1-0707 


1-7483 


1410 


12 




1-1777 


1-5374 


1430 


13 




1-2848 


1-3986 


1468 


14 




1-3918 


1-2238 


1526 


15 




1-4989 


10490 


1613 


16 




1-6060 


0-8741 




17 




1-7130 






19 




1-8201 
1-9272 


0-5245 
0-3497 


above 1671 


20 




2-0842 


0-1748 




21 




2-1413 







' Paul Gredt, Slahl k. ffijwn, 1889, p. 756. 
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0. Alumiha-Limb-Uaohesia-Sinovlo-Silioates. (Seqeb Cohb 
Deteeminations).' 















No, 


SiO,. 


A1,0,. 


MkO. 


OWJ. 


""S.-S.-ST- 












•c 


11 








1-7483 


1410 


23 






0-1240 


1-6734 


1378 


28 






0-2497 


1-8888 


1S8& 


24 






0-8748 


1-2238 


1357 


26 






0-49S4 


1-0480 


1362 


26* 






0-6410 


0-9907 


1361 


26" 


1-8762 


1-0707 


0-6828 


0-9324 


1860 


28 






0-6243 


0-8741 


1362 


27 






0-7481 


0-8993 


1359 


28 






0-8740 


0-5246 


isas 


2B 






0-B988 


0-3497 


1381 


SO 






1-1237 


0'1748 


1410 


SI 






1-2485 




1497 


Gredt employs a formula, of which the following ia 


typical— 




X 1362 (No. 25) 





1526 (Na 14) 1410 {No. 11) 
a; =1463° C. 
as a basis for calculating the formation temperature of all the 
other singulo-fdlicate slags containing AljOj, MgO, and CaO, 
the foregoing example representing the case of a slag con- 
taining l-8762SiOj+l-3918AljOg-f 0-3496 MgO + 0-7343 
CaO {%£. the same as No. 14, except that, like No. 25, a 
portion of the lime is replaced by m^nesia). 

Fortunately, R. Akerman * has determined the total heat 
of fusion of a number of sh^ Even though, in consequence 
of the specific heat and latent heat of fusion varying with the 
composition of the slags, the heat of fusion is not always in 
exact proportion to the fusion temperature, still the variations 
are not so considerable as to cause the heat-of-fusion curves 

• Jemlcma. Aim., 1888, pp. 1-77 ; SUM u. Ei*tn, 1888, pp. 281-337. 
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given by Akerman to be otherwise than at least similar to 
the fufling-point curves. 

D. Tempbratureh op Fokmation and Fusion of Sinoulo- Silicate Slaos, 

CALCDLATBD— (a) AFTER P, GeBDT, {*) AFTBB E. AKBBMAN.' 



• 


b 1 












Calculated Temuera 


ureofFuB 


on baaed 


,. 


AI.O. 




A1,0, 


Total Heat 
of Fuelon 




the Speciflc Heat giv« 




'•S^ 


Calculated 
Fusing 
Points. 


W 


Oalcutattd 






•c. 




Onlories. 


"0 




■c. 


1 


0-00 


1570 














2 
3 

i 


0-05 
0-11 
0-18 


1526 
1192 

1468 




















0-20 


428 


0-30 


1427 


0-320 


1338 


E 


o'-iis 


1451 


2-25 


410 


0-30 


1367 


0-312 


1314 








0'30 


380 


0-80 


1267 


0-805 


1246 


"e 




1489 




















0"40 


363 


o'-ao 


1210 


o'299 


1216 


"i 


o'-43 


1430 




















O'-EO 


349 


0-30 


1163 


0-291 


1199 


"s 


o'-H 


1422 














e 


0-87 


1417 




















070 


347 


0-30 


1157 


0-290 


1197 


id 


0'-81 


1412 




















0-80 


355 


0*30 


1183 




1200 


i'i 


I'-b'o 


li'io 


1-00 


361 


0-30 


1203 




1207 








1-20 


377 


0-30 


1257 


0-305 


1236 


12 


l'-22 


1480 














13 


1-50 


1468 


1-50 


400 


0-30 


1333 


0-310 


1290, 


14 


1-86 


1620 




















2"6q 


430 


0-30 


1483 


0-320 


1344 


i'i 


2''33 


1613 




















2-35 


461 


0-80 


1537 


0-327 


. 1410 



Figs, 86-89, Plate X., give- the total heats of fusion of 
different silicates of lime, or Ume and magnesia, from the 
monosilicate to the tri- and tetra-silicate. They are exactly 
similar to the freezing-point curves of 8 



' Jeralconi. Ann., 1889, Noa. 6 and 6 ; Slahl u. Biien, 1890, p. 424. 
° According to Akernmn's obBervationa, these speciBc lieaU vary between 
j9 and -S3, .and ore lower with TuRiblo than for refractory slags. 
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Fig. 90. 
FiO-aOiaite 
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These curves give two minima for each series of silicates, 
namely — 

1st Minimum. 2ad Minintuin. 

CaO = silicate. . . 1'5 — silicate 2'83 = ailicate 
(3CaO + MgO} = silicate . 1-5= „ 25 - „ , 

(2CaO + MgO)= „ . 1-5= „ 2-39= „ 

(CaO + MgO) = „ . 1-5= „ 27 = „ 

and three maxima, the central one of which corresponds — 
with CaO = sOicato . . .to the 1 '87 = silicate 

„ (3CaO + MgO) = silicate . . „ 1-7G= „ 
„ (2CaO + MgO)= „ . . „ 1-78== „ 
„ (CaO + MgO) = „ . . „ 1-76= „ 
Similar curves are given in Figs. 90 and 91 for FeO-sili- 
cates and iron-calcium silicates (according to H, 0. Hofman).* 
These need no further explanation. 

In this way one of the constituents of the solution would 
be revealed as a metasilicate, whilst the two minima to the 
right and left of these maxima must coiTespond to the 
solidification points of eutectic mixtures. 

Theoccurrence of metasilicates in slags was presumable.since 
this hydrate is known in the free state. Furthermore, Vogt* haa 
proved the presence, in slags, of a whole series of metasilicatesi 
(enstatite, ' MgSiOj ; hypersthene and bronzite, (FeMg)Si03 
wollastonite,CaSiOj: augite, Ca(Mg,Fe)SiOg; rhodonite, MnSiO. 
babingtonite, n(Mn,H)SiOj + Fe^iSijOe ; a new hexagonal 
calcium silicate (CaSiOj.)).* Now, what are the compounds 
appearing in addition to these in the two eutectic mixtures ? 
They cannot be free eesquioxide bases and free silicic acids; 
since we have already seen that these do not occur at all in 
slags ; consequently the bodies in question must be silicates, 

' Tha temperatures at which certain fBrrons and calcic Bilicatsa are formed 
in fuMon ( Tram. Armr. Ind. Ming. Eng., Sept. 1899). 

' "Studier over Slagger," Bihang t. k. meitaka Vet. Akad, llandtxttgar, 
vol. ii., No. 1 ; "Om Slaggers af Samniansattningen beroende kriatallisations' 
fdrhallanden," Jemkoat. Ann., 1885; Beiirdge sur Kcnntnia der Mineral- 
bildwag in Schmclxmasseii, Christiania, 1892. 
' See also in Book. II. 
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Ab the more basic compound, the orth'osUicate seems the 
more 'probable, since this acid is also known in the free 
state, and because V<^t also found similar silicates (oliviiie, 
(Mg,Fe)jSiO, ; fayalite, (Mn ^"6)38104 ; tbephroite, MngSiO,; 
monticellite, CaMgSlO, ; melilite, (KO),j(AljOs)j(SiOj)e ; 
willemite, ZujSiO^). 

A more difficult question to answer is that respecting the 
acid constituents of the mixture, since Vogt mentions only 
one acid sihcate (E02XSi02)a, which occurs as globulites or 
crystallites in siliceous enamel sli^ (of a stage of siUcation 
equal to at least 25). On the other hand, the heat-of-fusion 
curve of the calcium silicates (Fig. 86) extends as far as the 
tetrasilicate without revealing any decided maximum, so that, 
at the moBt, only the salts of di-sUicic acid (HjSijOj) or the 
di-basic tri-sihcic acid (HjSijOj) can be in question. 

In slags with an oxygen ratio, 0'5-0'8, Vogt detected a 
mineral, gehlenite, which corresponds to a 067 silicate. 

We thus have as constituents of slag — 



stage ol 
Silfcrtion. 


Typhal 
FoimiJa. 


Mlmnl. 


0-67 


S»8iO, 


Gehlenite (EO),. (Al,0,) . (SiO,), . Tetragonal 


100 




Melilite (R0]„ . (Al,0,L (SiOji 

Olivine (MgO)j. Sid, . . . BhomUo 










Fayalite (FeO),. SiO, ... 






Tepliroite{MnO),.SiO, 

MoDticelUte, CaO. MgO. SiO, 

Willemite (ZqOJj. SiO, ... ,, 










1-50 


ft,Si,0.„ 


mineral : akermanite (B,Si,Oi„). 


2-00 


feSiO, 


Heiagonal ottlcinm silicate, CaSiO, . Hexagonal 
Wollastonite, CaSiO, . MoncBymmetrical 
Augite varieUes, Ca<Mg).8iOa . 
Rhodanite, MnSiO, . . Asymmetiical 
Babingtonite, n{Mn,R) SJO. + FeaSiA .. 
Enstatite, MgSiO, .... Rhombic 

as?'" }('•■>■«' »'o. ■ ■ ., 


3-00 (!) 


B" 




4-00 (1) 
6-00 (*) 





The last three members are i: 



B or less hypothetical 
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There now only remains to be mentioned the relation 
between the appearance of these minerals and the composition 
of the slag ; and in this connection we have mainly to depend 
on the researches of Vogt. He says on this point : — 

" A comparative examination of the analyses shows that 
the formation of minerals in the molten mass chiefly depends 
on the chemical composition of the average mass, the minerals 
being products of the chemical affinity of the predominating 
constituents (or, in other words, the formation of minerals is 
based on chemical mass reactions). The divergent physical 
conditions possible in the formation of slags exert only a 
minimum secondary influence on the reaction, provided a 
certain minimimi limit be not exceeded for the period of 
crystallisation." ^ 

In strong enamel slags, rich in silica (2'5 per cent.- 
silicates), there occur, according to Vogt, as already mentioned, 
globulites and crystaUites of a silicate probably corresponding 
to the formula (fiO)^ . (SiOj)j.^ 

Enstatite crystallises out from the di-silicate slags, pro- 
vided the molten mass contains more MgO( + FeO) in pro- 
portion to CaO( + MnO) than corresponds to the molecular 
ratio 2-44MgO-. ICaO; on the other hand, augite is formed 
when the CaO exceeds the ratio l'40MgO : ICaO. Should the 
lime content be in excess of O'SMgO : ICaO, wollastonite, or 
the new hexagonal lime silicate, is formed. (The former 
probably in the more siliceous al^s, the latter in those 
poorer in silica.) Ehodonite is formed in di-silicate slag 
when the proportion of MnO to R0( = CaO, MgO, FeO) is 
greater than lMnO:0-9EO; but ai^ite forms, when the 
manganese content falls below the ratio, IMnO : 7E0 with a. 

' In the case of DOD-alaminoaa miaeralB, e.g. the new tetragonal mineral (if 
the melt be free from alumina), this amonntB to only a few minutes (G-7 at 
most) ; on the other hand, several hoars to days are needed for ahiminous 
mineTals in ntrongly aluminous melts. 

" RO = CbO and MgO. 
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medium content of MnO ; e.g. IMnO : l'82RO, both rhodonite 
and augite, may be formed at the same time. 

When the composition of the sl^ approximately corre- 
spondB to eingulo-silicate, olivine ia always formed if there 
be more I10( = MgO, MnO, FeO) in proportion to CaO 
(tc^ther with Na^jOKjO) than corresponds to the ratio 
lEO:110-l-20CaO.i 

Melilite, or one of the other tetragonal minerals, is 
formed, on the other hand, when the lime content is higher 
than the ratio EO: l-25-l'30CaO.* In the intervals be- 
tween these two limits, both adjacent minerals may be 
formed. 

The pyroxene minerals with the hexagonal lime silicate 

are only deposited from slags that contain more silica than 

acid oxygen _ _^ ^ „ , 

corresponds to the oxyeen ratio -. — -. = l-50-l'60.' 

■^ ""^ basic oxygen 

The line of demarcation between the slags containing the hexa- 
gonal lime silicate and one of the tetragonal minerals appears 
to be located precisely at the stage l-42-l*45 of silieation; 
the boundary between the augite slags and those containing 
tetragonal minerals, at the stage of silieation, 1'50-153; 
whilst that between the augite and enstatite slags and the 
olivine slt^s is at 155. The presence of more or less alumina 
appears to have little influence on the foi-egoing limits. 

The position occupied in the group of tetragonal minerals 
by the new member, comparatively rich in silica and CaO, 
is between the oxygen i-atios 1'35— 1'50 (presumably only 
when little alumina is present) and gehlenite only when 
the slag is at once strongly basic (less than 0-8 per cent. 
of silicates) and rich in alumina. The true melilite lies in 
the interval between the two. 

' The fonner limit applies to a high content of atimiiua (about 20 percent.], 
the latter for a percentage of about 3 per cent. 

' The limit varies according to the percentage of alnmina. 

' AUO, reckoned as base. 
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The earlier assumption that the various maxima in the 
heat of fusion correspond to the above-mentioned silicatee, 
finds a remarkable confirmation in the graphical representa- 
tion of the foregoing mineralogical composition of slags 
(Fig. 90). Our maximum temperatures coincide throughout 
with the middle of the mineralogical groups there indicated : 
thus, for di-silicates, in the augite and enstatite group,' for 
monosilieates in the melilite and olivine group. In bIb^ 
rich in CaO there seems to be also a maximum somewhere 
near the sub-silicates in the gehlenite group. 

In conclusion, it is advisable to mention some more basic 
silicates than those hitherto described, althoi^h they really 
belong to the oxide slags. 

Befinety slags consist of fayalite, magnetite, and an 
excess of FeO. The very basic slags are characterised 
throughout by a high content of sesquioxides. Thus, for 
example, spinel, EOE^Os, which invariably crystallises out 
earlier than the silicate minerals, appears only when the 
silica content is very low (to singulo - silicate), and the 
alumina and mi^esia relatively high. Spinel sometimes 
contains only MgO, at others also CaO ; ZnO-spinel forms 
more readily than MgO-spinel. 

In charges containing FeO and FcjOg at the same time, 
magnetite is readily formed when the slag itself contains 
silica (though it must not be more acid than di-sihcate). 
In slags containing spinel the deposition of magnetite suc- 
ceeds that of this mineral, but precedes or accompanies the 
separation of the silicate minerals. Ferric oxide also readily 
combines with other RO bases. 

According to the researches of L Bourgeois, MnO can 
also readily combine with AlgOj, or with Mn^Og. 

' Both the calcium silioat«8 have the same composition, and can tberefore be 
classified in the one gronp. 
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Provided the cooling be effected very quickly, an excess 
of alumina prevents crystalliBation (thongh perhaps not in 
very basic masses), and therefore produces vitreous slags. 

Sulphide in slag invariably appears as a monosulphide 
(CaS, MnS, FeS, and isomorphous mixtures of these) or 
r^ular crystalline habit ; in highly basic enamel slags these 
compounds appear as globulites. 

Hence, in very basic slags, the sesquioxide compounds 
— tf^ther with excess EO-bases — seem to predominate. 
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CHAPTER III 

CALCULATING THE COMPOSITION OF SILICATE SLAGS 

An approximate calculation of the compOBttioQ of slags can 
be made oa the basis of the graphical table given in Fig. 90. 
A commencement ie made with the oxygen of the silica, as 
well as all the bases (except Cu^O, which seems to have 
practically no affinity for siUea) ; then from the sum of the 
latter is deducted one-half of the sulphur content (correspond- 
ing to the oxygen equivalent of the KS), and from this result 

acid oxygen , . , 

is calculated the ratio ,- — : : from this the composi- 

baeic oxygen '^ 

tion of the slag can approximately he determined, i.e. the 

components of the mixture can be estimated. 

Should the oxygen ratio exceed 2-0, then the slag will 
consist of the silicates ESijOj and EjSijOg (probably), or ex- 
pressed in rational formulae : RO . SiO^ and (EO)j(SiOj)g, and 
we may state the composition as — 

3;R0 . SiOj -I- y(EO)j(SiOi)s. 

By then indicating the oxygen of the silica by s, and that 

of the bases by b, we have — 

2a;-|-6y = s 

and — x-\-2y = i. 

s 
This gives — y = ^ — o 
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Take a slag of the following compositioii :- 

Per cent. Per ce 



8iO, . 


61'16 containing oxygen 


32-62 = a 


AljO^ . 


4-43 




2-05^ 


CaO 


. 22-83 


» 


6-52 


MgO . 


. 10-25 


. -1 


4-10 .13OT 


MnO 


. 0-49 


. .. 


0-11 


FeO . 


. 1-28 


. 


0-28 


Total 


. 100-44 








Acid oxygen 


32-62 


49 



Basic oxygen 13'07 
y = ~-b= 16-31 - 13-07 = 3-24 
a;= 3&-s = 39-21 - 32-62 = 659. 
The fonnula expressing the composition is therefore — 

= 6-59RO . SiOj 4- 3-24(EO)i(SiOj)j. 
Similarly, we have, for a slag intermediate between the 
di-silicate and the Bingulo-ailicate, the formula — 

3:RSi03 + yRjSiO» 
or— icEO . SiOj +y(KO)j(SiOj), 

and further — 2a; + 2y = s 

whence follows — x = 8 — b 



Example. — Composition of Slag. 



SiO, 


. 47-87 


containing 


onjgen 


26-63 -• 


A1,0, 


. 5-37 


„ 




2-50-, 


CO 


. 37-76 






10-79 


MgO 


7-78 


,, 




3-lUie-64 


MnO 


0-37 


„ 


„ 


0-08 


leO 
Total 


. 0-72 
. 99-87 


" 


" 


o-ieJ 
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Acid oxygen _25'53 
Basic oxygen 16'64~ 
a; = s-J= 25-53 -16-64 = 8-89 

y = 6 - I = 16-64 - 12-76 = 3 88. 

Hence the formulft is 8-89RSiOg+ SSSRsSiO^. 

In the case of slags with an oxygen ratio of less than 1-0, 
and rich in MgO and AljOj, aa well as in di-siUcate sl^ 
containing Fe^O,, another method of calculation (to be de- 
scribed later) is adopted. ■ 

When the oxygen ratio is hetween I'O and 0-5, and there 
is not more than 0-7 (MgO + MnO + FeO) to ICaO, we 
have — a<E0)3 . SiOj + y(RO\ . SiOj, 

and hence — 2a; + 2y = s 

3iC+2y = i, 
i follow — x = b — s 



Example. — Composition of Slag. 



SiO, . 


28-32 


contaming oxygen 16-10 


A1,0, . 


24-24 


,, 




11-30 


CaO . 


40-12 


, 


„ 


11-46 


MgO . 


2-79 




„ 


1-12 


MnO . 


0-07 


, 


„ 


. 0-02 


FeO . 


0-27 


, 


„ 


0-06 


CnS 


3-38 








i 


icid oxygen 
iaaic oxygen ~ 


1510 
23-96" 


0-63 


X 


■ S-Ji = 


23-96 


-15-10 


-8-86 



y = -s-6 = 22-65 -23-96= -1-31. 

We obtain for y a small but negative value, which i 
evidently an impossibility, but indicates that this sla 
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mainly consists of gehlenite, though spinel is certainly also 



The amount of spinel (EO . AljOj) can be calculated as 
follows :— 

As we have seen, this slag can only consist of gehlenite 
and spineL If we represent the basic oxygen in gehlenite 

by 6„ then evidently r = 0'67, and from this the basic 

oxygen in the gehlenite works out to — 

s 15-10 

*' = (m = lm =''■"• 

Consequently the oxygen content of the spinel is — 

h-bj = 23-96 - 22-53 = 1-43, 

and since this minei-al (RO . Al^Og) contains 4 oxygen atoms 

to the molecule — 

b-b, 
spinel (R0,Alj08) = — ~ =0-35, 

whilst of gehlenite we find— 

x = 

The composition of the sh^ is therefore expressed 
by- 

7-55(EO)g.SiOj+0-35KO.AIgOs- 

With oxygen ratios below 1-0, and with over 0-7 (MgO + 
MnO + FeO) to ICaO, we are in presence of a mixture of 
olivine and spinel, and therefore have — 

. 3<R0)jSi0ii + yE0.Ali,0j, 
and further — 2a; = s 

2x + iy = b, 



-- 2 = 7-55. 
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sio, 

CaO 

MgO 
MnO 



Example. 

Pet cent. Per cent. 

24-40 containing oxygen 13*00 = 



0-53 

013 
66-94 

■ Acid oxygen 
Basic oxygen 
13-00 



tracell7*37 = 6 
0-041 
14-88J 



x= -■ 



6-s 17-37- 



1300 4-37 
~ 4~" 



109. 



Composition of slag — 

6-50(BO)j . SiOg + 1-09BO . AljOg. 

Now spinel consists of EO (containing 1 of oxygen) and 

AljOg (with 3 atoms of 0); hence the above calculated 1'09 

molecule of spinel should contain 3 x 1-09 = 327 per cent. 

AljOg, whereas only 2-30 per cent. AIjOj is actually present. 

2-30 
The slag can therefore only contain —5— = 0'77 spinel, whilst 

the rest of the basic oxygen, i.e. 17-37 - 13-00 - 4 x 0'77 = 
17'37 - 1608 = 1-29, must be present as free EO-bases. 
This gives the corrected composition of the slag as — 
650(EO)j. SiO,+ 0-77EO. AI2O8+ 129EO. 

It is thus evident that the spinel content in slag can he 
calculated, approximately at least, when the oxygen ratio is 
smaller than corresponds to siagulo-silicate. On the other hand, 
in acid slf^s the spinel must be determined by direct analysia 

It must,however, be expressly mentioned that the calculation 
gives not only EO . A\0^, but also EO . FcjOj and EO . MnjOj. 

With r^ard to the spinel content of a series of slags, the 
following tables, from the previously mentioned publications 
of J. H, L. Vogt, are now given, in order to afford a means 
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of comparison between the calculated and the actually deter- 
mined values for this mineral : — 

Blast Fuunace Slag Analyses bt Huirbbad.' 





No.1«,.Ino.1«.'no.13,. Nam No. 133. | 


SiOj 

:: :; '^6 

,. MgO 


24-92 
23 47 

37-32 
13-23 


■ 1 
28-74 1 27-0! 
25-63 1 20-13 
29-40 , 40'B3 
13-76 : 11-09 


26-46 
23 '44 
35-60 
18-34 


27-53 27-64 
22-23 ' 22-98 
36-30 37-08 

18-00 12-es 


Total 


98-94 


8T-52 


99-16 


98-74 


99-06 


100-58 


Spinel .... 17-40 


„„ 


10-82 


8-18 


6-07 


9-04 


OiygeninSiO, . 13-J2 

„ „ AlA ■ ■ 10-94 
„ „ CaO . . 10-68 
„ „ MgO . 5-29 


15-16 

11-94 
8-40 

5-50 


14-41 1 14-11 
9-38 10-92 

11-69 10-16 
4-44 6-34 


14-69 
10-37 
10-87 
6-20 


14-76 

10-69 
10-50 

5-58 


Acid ox;gen 
Bwicoijgeu- 


0-49 


0-69 


0-66 


0-54 


0-67 


0-56 


MgO oxygen 
C«0 oiygen 


0-4S 


0-65 


0-37 


0-62 


0-50 


0-49 



These slags can therefore contain only gehlenite and spinel. 
Composition of the Slao Constitvekts SoLrsLK in HCl and HF. 



Inl 


uoPutaoiaiis. 


No. IBS. 


No. lis. 


No.i3a 


No-m. 


No-lSS. 


NO. .3^1 


MgO 


ToUl 
ite . . . 


24-92 
11-62 
36-84 
.16 


28-74 
18-46 
27-72 

8-70 


27-01 
13-00 
39-30 
9-00 


26-46 
17-80 
36-50 
10-80 


27-63 
18-06 
36-80 
11-10 


27-64 
16-24 
37-06 
10-60 


AlnmiD 


81-54 
17-40 


79-62 
17-88 


88-31 
10-82 


90-56 
8 18 


92-99 
6-07 


91-54 
9-04 




ToUl 


98-94 


97-50 


89-13 


98-74 


99-06 


100-58 ' 



'/rtm, 15th Oct 1880. 
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ConsUtnenls. 


No. las. 


No. 129. 


No. 180. 

7-13 
1-63 
2-09 


No. 131. 


Nam, 


No. 133. 


IlilOOi»rtsoffllag: AlA 


11 '85 
1'48 

1-07 


12-17 
1-68 
4-05 


5 '84 
2-54 


4-17 
1-SO 


2-85 


Total 


17-40 


17 -BO" 


10-85' 


8-18 


6-07 


9-04 


Per 100 parts aluminate, 
„ MgO 


68-11 
8-4S 
23-41 


69 -98 
S-39 
22-63 


65-88 
14-90 
19-16 


68 '92 
31 '08 


68'72 
31 '28 


74-00 
26-00 


Total . . 


100-00 


100-00 


100-00 


100-00 


100-00 


100-00 


Oiygen in AlA . . 


6-57 
0-42 
1-83 


5-72 
0-48 
1-62 


8-36 

0-47 
0-84 


2-66 

1'02 


1-96 

0'7e 


314 

0-94 


Oxjgen in R0-1>aaes 


2-OS 


2-10 


■■" 


102 


0-76 


0-94 


Al,0,-oxygen^ 
BO-oiygen " " 


2-71 


2-72 


2-58 


2-59 


2-58 


3-34 



Since epmel has the oxygen ratio 3 : 1, it is clear that the 
aluminates are not pure. 



Composition of Slaos 



1 FORMCL* ALEBABY OIVBS. 



Substance. 


No. 128. 


No. 128. 

7 '58 
0'80 

2-42 

0-80 


No. 130. 


No. 131. 


No. 132. 


No, 133. 


Geblenite . . . 

Spinel .... 

in Spinel ALOj . 


6-56 

6-49 
1-83 


7 '21 
1-00 

3-O0 

1-00 


7-06 
1-81 

3-98 
1-32 


7-35 
1-00 

8-02 
1-00 


7 '38 
1-11 

8 '33 

1-U 



' Does not exactly agree nith the valae found direct. 
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On comparing these figures with those obtained direct, 
we find — 

(a) All the aluminates containing CaO give throughout, in 
calculation, a smaller content of AljOjRO. 

(J) The aluminates free from CaO give throughout, in 
calculation, a lai^r proportion of Al^Oj and KO than br 
direct estimation. 

The latter peculiarity can be explained by a partial 
decomposition of the MgO-aluminate, whilst the former could 
only be explained by the presence of inclusions ia the 
spineL 

For the approximate calculation of the spinel, J. H. L. 
Vogt proposed the empirical formula ' — 

Spinel = C(l - a)&(fi - 4)7(7 - 8). 

Here a indicates the oxygen ratio ^^ (wherein AljOs is 

reckoned as base), j3 and 7 the percentile of MgO and AljO^ ; 
1_ 
'1200' 
himself admitted, this gives somewhat unreliable residts. 

Found. 
6-07 
about 6 '5 



CI. 


Found. 


about 20 


17-68 


.. n 


17-40 


7 


10-82 


„ 13 


9-04 


» 13 


8-18 



J „ 1 

The accompanying table shows at a glance the equations 
employed for the calculation of the slags. 

All tbat now remains is to fix the line of demarcation 
between the minerals belonging to one and the same stage 
of silication, which may be a matter of importance for many 
metalluj^cal operations. In order to obtain as good an 

' For tlie basis of this see Sihang till k. tventka Vet. Akad. ffandlingar, 
vol, is. No. 1, p. 161. 
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ineigbt into the matter aa possible, we will arrange them, 
according to Vogt, in the subjoined table : — 





MgO + MnO + FeO 


^ 


CaO + MgO + FflO 


8 





AugiM. Rhodonite. (Byper- 



>2-40 



/<0-9to\l 

\ 1-0 /, - 

I Little. 

Little. '/ nating. 



3 to 5 per cent. 



>M;1 j<l-l il 

High. 



l-80tol-50 l'30to0-80 <0-80 <1 



At and between the bmite of two adjacent minerals both 
may appear together. 

G. Hi^nstock (loc. cit.) assumes that only the siUcate EO . 
SiOj is present in sl^. He says on this point :- — 

" With regard to our blast-furnace slags, as we desire to 
obtain them from the large parcels of material at our disposal, 
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we generally calculate according to the formula (EO), , SiOj, 
and measure out the addition of lime accordingly, knowing, 
as we do, that a silicate slag, in which the total oxygen of 
the bases is equal to the oxygen of the silica, will possess a 
suitable fusibility, ie. is sufficiently fluid at a given tempera- 
ture ; and we do not trouble about the fact that such slags 
already contain considerable quantities of ' free lime,' merely 
' dissolved.' Should, however, it appear that the solvent 
capacity of the slag for free lime is being overtaxed in 
consequence of an alteration in the material, — the furnace 
temperature and the composition of the slf^ being otherwise 
unchanged, — which condition is manifested by the quick 
solidification and disintegration of the refractory slf^, then, if 
the lime evil seems inconvenient, we reduce the quantity of 
lime (and therefore the amount of ' free lime ' in the sl^) 
as quickly as possible, thoi^h we may find later that the 
proportion of EO in the refractory slag was lower than in 
that which was suE&ciently fusible at the same temperature. 
In the solvent capacity for free lime alone have I been able 
to find an explanation of the behaviour of blast-furnace slag 
in a number of observations. 

" Consequently the content of free lime teaches that 
there can be no question of the presence of a compound 
RjSiOj in our (Hme-) basic blast-furnace slags, although their 
constitution works out approximately to (R0\ . SiOj. 

" If from a blast-furnace slt^ of the following composi- 
tion — 

SiOj 34-18 per cent. 

FeO 1-H 

MnO 3-93 

CaO 39-26 

ALjOg 16-73 

MgO 2-32 

CaS 4-23 
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we extract as much as possible of the free lime by means of 
a suitable sngar solution, we obtain 37 GaO to 39 SiOj, from 
whence it follows that the quantities are fairly equivalent, 
that the silicate of our slags is calcium sihcate CaO . SiOj, and 
that it belongs to the carbon dioxide type, corresponding to 
the acid H^SiOj." 

This opinion of Hi^enstock's contradicts the finding of 
the microscope, and we must therefore examine whether his 
reasons are forced or not In the first place, the existence of 
both the meta- as well as of the orthosilicic acid has been 
proved, inasmuch as not only a number of silicates corre- 
sponding thereto, but also the free acids themselves, are known ; 
it therefore seems possible for slags to contain ortboailicates. 

Moreover, the conclusion that the silica in slag can only 
be in combination with lime, seems very hazardous, since 
numerous decided double sihcates are known, and therefore 
the possibility of the formation of other sihcates cannot be 
disputed. It may be admitted at once that the affinity of 
silica for CaO is greater than for FeO, MnO, AljOg, etc ; but, 
in accordance with the law of mass, it is certain that in 
presence of all these bases the sihca will not restrict itself 
exclusively to lime, but must also combine with the others, 
to an extent determined by its affinity therefor on the one 
hand, and their relative proportion on the other. Conse- 
quently the other bases cannot by any means be neglected. 

On calculating the oxygen ratio of the above slt^, we 
have — 

Per cent. Per cent. 

3418 containing oxygen 18'21 = « 
0-25i 
0-87 

11-22[21-14 = 6 
7-87 



SiO, 


3418 


leO 


1-14 


MnO 


3-93 


CaO 


39-26 


AI,0. . 


16-73 


MgO . 


2-32 


C.S 


4-23 
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Basic oxygen 

According to Hi^netock, the slag must contain a silicate 
of the compoBition — 

SiOg , 34'18 p«r cent containiog oxygen 18'21 per cent. 
CaO . 31-61 „ „ „ 911 „ 



65-79 


per 


ent. 




wherein are dissolved- 


- 








Par cant. 


Par cent. 


Free CaO . 




7-65 containing 


oxygen 3-11' 


FeO . 




IH „ , 


0-25 


MnO . 




3-93 


0-87 12-03 


MgO . 




2-32 


0-93 


Al,Os . 




16-73 


7 ■87-' 


CaS . 




4-23 





whereas, according to the formulae already given, the composi- 
tion of the slf^ would work out to — 

817 (EO)b . SiOj -f 2-92 (EO)a . SiO, 
(leaving the formation of sesquioxide compouads out of the 
question altogether). 

According to Hi^enstock, the residue insoluble in the 
sugar solution contains — 

39 SiOj, of which 1961 = oxygen 
37 CaO „ 10-67 

whence he concludes that the same is a bi-silicate (which 
should contain, to 19-61 acid oxygen, 9-80 basic oxygen). 
Now in Hilgenstock's reports there is a deficiency of 24 per 
cent. If we assumed the 39 per cent. SiOj of the residue to 
exactly represent the 34-18 per cent, in the slag, and that 
all the other constituents (except the lime dissolved by the 
sugar) remained in the residue, then its composition would 
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Per cant. Per cent. 

39-00 SiO^ containiDg oxygen 19*61 
37-00 CaO „ „ 10-571 



37 

l-28ij 



l-OSJ 



1-30 FeO 

4-48 MnO 
19-09 AljOj 
2-64 MgO 
4-84 CaS 

108-35 

Ah, however, the total would come to 10835 percent,, 
there must be somethii^ more than CaO passed away in the 
solution ; and even after deducting the 489 per cent, of CaS, 
which would certainly be decompoaed and dissolved, there 
still remain 103'51 per cent. Further, assuming — as would 
be not improbable in view of the oxygen ratio. and the high 
alumina content of this slag — that nu^esia is present in the 
form of aluminate, that this is decomposed by the sugar 
solution, and that the MgO is also dissolved, then the total 
would be =10087, and we should obtain, to 19-61 acid 
oxygen, 2120 basic oxygen. Moreover, if we remember that 
the latter still contains 3x1-05 = 3-1 5 oxygen from the 
alumina of the decomposed aluminate, we shall obtain the 
ratio — 

Acid oxygen _ 1961 _19-61_,.fsg 
Basic oxygen "21-20 — 3-15 "18-05 "■ 
which comes very near to the oxygen ratio 1 ; 1, corresponding 
to the silicate (KG),. SiOj. 

The behaviour of the slag observed by Hilgenstock can 
therefore be very well explained by either regarding the 
compound (RO), . SiOg as a solution of EG in (RO)j . SiOj, or by 
assuming that the compound (SO)} . SiOg is decomposed into 
(BO)s . SiGj + KO by the sugar solution. 
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CHAPTER IV 

PHOSPHATE SLAGS 

Is this case, also, we will first devote attention to the various 
known hydrates. These are — 

di-basic or metaphosphoric acid — 

HaPOfiOr q\p-0-H 

tri-basic or orthophosphoric acid — 

HsPOi or = P^O - H 

tetra-basic pyrophosphoric acid — 
M.P,0, or jj _ Q^P - O - R Q _ g 



or — 

H-O/ \g/ \0-H 

octo-baaic pyrophosphoric acid — 

HsPjObI or 

H-0\ /0-H 



\0-H 



H-0. 

aes the constitution of the oalcium pboaphnte to be — 
f^>PO-0-Ca-0-Ca-0-PO<^>Ca. 
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The only representatiTeB known of this last acid are the 
tetra-calcium phosphate found in Thomas slag, and " Wiboi^h 
phosphate," CajNa^PjO^ 

The following polymeric modifications originate from 
metaphoBphoric acid : — 

Metsphosphoric acid — 

>-0-H 
di-metaphosphoric acid — 

H-0/'^\0/'\0-H 
tri-metaphosphoric acid — 

0-H 

tetra-metaphosphoric 

■^- /r, „ >r. .1'- 



>: 



H - 0/^X0/ I \0/|\0/''\0 - H 

0-H 0-H 

penta-metaphosphoric acid — 

0%p/0\p/0\ /Ox /0\^0 

H - 0/ \0/ |\0/ I \0/y\0/'^\0 - H 

0-H 0-H 0-H 

(which has not yet been isolated), atid 

liexa-metapliosphoric acid — 

OV/0\p/0\p/0\ /0\ /0\^0 

H - 0/-^\0/ I \0/|\0/y\0/|\0/-^\0 - H 

0-H 0-H 0-H 0-H. 

Hilgenatock^ was the first to prove the appearance of 
phosphoric acid in the form of tetra-basic (or, more correctly, 
octa - basic) calcium phosphate (4CaO . P^O^ = Ca^PjOg) in 
Thomas slag. 

' Slahl u. Eiien, 18S6, u. 
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Stead and Bidsdaie' found the Thomas slag of the North 
Eastern Steel Company to contain — 

1. Large well-developed crystala of (CaO)j . P^Ofi. 

2. Blue crystals of the compound CaOPjOs . CaOSiOj. 

3. Feathery crystals containing over 86 per cent, of 

basic oxides, chiefly Ca, Mg, Fe (as ferrous and 
ferric oxides), and Mn, together with less than 4 
per cent, of acid oxides. 

4. Hexagonal crystals containing about 86 per cent. 

(CaO)j. P2O5 and 10-11 per cent, of metallic-oxide 



5. Black magnetic needles consisting of 10 per cent 

CaO.AljOs, 45 per cent. (CaO)3 . FegO^, and 33-5 
per cent. (CaO)jFei,Os. 

6. Black non - magnetic crystals, of 15 per cent. 

CaO.AljOj and 73 per cent, (CaO), . FcjOj. 
By fusing together tri-calcium phosphate (or di-ealcium 
phosphate and phosphoric anhydride) with a corresponding 
amount of quicklime and a little fluorspar, Hilgenstock * after- 
wards succeeded in obtaining the pure compound in crystalline 
needles, corresponding to the hexagonal prisms in Thomas 
slag. Their average composition was — 

PjOj 38-51 per cent. 

CaO 60-08 „ 

SiOj 0-10 „ 

The crystals were always colourless and clear, and con- 
tained fewer inclusions than those from Thomas slag, which 
latter are invariably brown or clouded from the presence of 
metallic oxides. 

Whilst the phosphate in Thomas slag does appear as 
hexagonal priems, it is chiefly in rhombic plates, as well as in 
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small brilliaDt blue crystalB, of diamond lustre, belonging 
(according to Biiddng and Linok*) to the monoclinic 



The serial order in which these are deposited is — 

1. Khombic plates (deposited at the highest temperature). 

2. Hexf^onal prisms (needles) (separating out at lower 

temperatures from the solution already impoverished 
of phosphates). 

3. Blue, lustrous monoclinic crystals (deposited still 

later). 

The latter crystals are accompanied by fern-like tufts of 
black crystals, which Stead and Ridsdale ^ report to consist of 
calcium ferrate and aluminate. 

This also explains why it is that no rhombic plates were 
obtained in crucible smelting tests — since here the tempera- 
ture is far below that in the converter. 

The crystals of tetra- (or oeta-) basic calcium phosphate 
invariably contain lai^ inclusions of foreign substances, as is 
shown by the following analyses : — 

A. Hrxagonal Paiamj. 



Con^it^™. 


G. HilgsnsUek. 


Stad. 


BUckioKMdLiiick. 




Percent. 


Per cent. 


P»r cent. 


PA . . 


34-9* 


33-707 


36-77 


do 








57 -55 


63'B36 


53-61 


MgO 










0-486 


0-40 


Fe,0, 










4-857 


1-78 


FeO 








i'bo 


1-280 


2-22 


HnO 










0-790 




VO 










1-343 




sio. 








3-24 


3-900 
0-460 


3-81 
trace 


ci! 












trace 


A1,0, 








'..'. 




1-09 



> Slaht u. Eiaea, 1887, p. 245. 
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CaO 

MgO . 
FePs+AljO. 
MnO 
SiO, 



B. BuouBic Platks. 
Bucking and Linek. 

38'77 per cent. 
59-53 „ 
trace 
0-89 „ 



0*89 per cent. 



100-36 

C. Blub Monoclinic Cbybtalb. 





0. HilgeDBtock. 


St«d. 


Backing and Linck. 




Per cenc 


Per eent. 


Per oent. 


P,0, . . . 


30 -85 


29-146 


31-19 


CaO 








67 -eo 


68-578 


57-42 


MgO 










0-738 


trace 


F^O. 










1-000 




A1,0, 










trace 


1-13 


FeO 








2-B4 




0-95 


HnO 










0-210 


trace 


SiO, 








9-42 


10-791 


9-47 


s . 










066 


trace 



All these results correapond to the formula Ca^PjOj, and 
show that the crTStals contain inclusions of somewhat variable 
composition. 

Mention should here he made of the so-called " retro- 
gradation " of phosphoric acid, i.B. the change of the phos- 
phates, soluble in citric acid, into an insoluble form. 0. 
Forster ' found that CajFjOa, when heated for a short time 
to a point a few hundred degrees below its temperature of 
formation, suifered a change, inasmuch as a lai^e part of the 
phosphoric acid previously soluble in citric acid became 
insoluble. The insoluble residues proved to be (CajPjOg)^ . CaO 
and (in presence of sufficient sihca) (Ca3p20g)3 . CaSiOj. 
' Zeita.f. aiigtw. Chtm., 1392, p. 13. 
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Whilflt thk conversion is of a very extensive character io 
the case of pure calcium tetraphosphate, it is limited to a 
ctmparatively small portion of the phosphate in the case of 
Thomas slag. Heating to redness in hydrogen produces the 
same effect as in air, but to a smaller extent. In the latter 
case prolxihly the carbon dioxide formed in the blast flame, 
and the oxidising action of atmospheric oxygen on other con- 
stituents of the sl^, have all to he reckoned with ; and prob- 
ahly CaO . FeO or OaO . FejOa is formed at the same time. 
FeS and MnO . Fe^Oj may also take part in the reaction 
(2CaO + 2FeS + 30 = 2CaS + FejOj ; or 2CaO + MnO . FejOa 
+ = CaO . FejOj + CaO . MnO^). Moreover, not only does 
the lime separated from the Ca^PjOg enter into insoluble 
combinations, but the same is done by the pre-existing free 
lime present. 

The remaining constituents of Thomas slag will be dealt 
with under the oxide slags. Meanwhile it will be sufficient 
to jKiint out that the calculation of the composition of this 
slag is performed by first reckoning up the calcium tetra- 
phosphate from the phosphoric acid found, the remainder 
being then calculated as silicate or oxide slag. 









Examples. 








M 


Basic Martin Fumaee 
Per cent. 


Sloff. 

Per cent. 




SiO, . 




. 13-90 contaming 


oxygen 7-41 = 8 




i"A . 






2-30 


1-30 




AljO, . 






2'80 


„ 1-31 




FeO . 






24-62 


„ 6-47 




MnO . 






10-41 


2-34 




CO . 






39-50 


„ 11-27 




MgO . 






5-,76 


„ 2-30 




The 1-30 Oof the 


PaOj corresponds 


X) 1-30x0-80. 


.1-04 



oxygeu in lime (which together give — -— = 0-26 moLCa^PjO,). 
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Hence, after deducting the oxygen in the calcium phosphate, 



ve — 




Per cent. 


Oxygen 


in SiOj 


. 7-41 = s 


,, 


A1,0, . . . 


. 1-3U 




FeO ... 


. 5-47 




MnO 


. 2-34 21-6e = 6 


„ 


CaO . . 


. 10-23 


» 


MgO . . . 


. 2-30. 




!.0M 






MgO + MnO + FeO_n 


■99 



CaO 

On calculating the whole of the alumina to spinel, we find 
the composition of the slag — 

0-26 moL Calcium phoaphate (Ca^PjOe). 
3-71 „ Olivine (R^SiO^). 
0-44 „ Spinel. 
12-48 „ Free EO-bases. 

(b) Basis Martin Furnace Slag. 

Per cent. Per cent. 

13'97 containing oxygen 7-44 



SiO, 


. 13-97 


PA ■ 


. 183 


A1,0, . 


517 


FeO 


. 20-61 


iInO 


. 12-12 


CaO 


. 40-26 


MgO . 


6-44 



The 1-03 oxygen in PjO^ corresponds to 0-82 of lime oxygen 
(-0-21 C«,P,0,). thns leaving- 
Oxygen in SiOj 

AI,0, 

FeO 

MnO 

C«0 

MgO 





103 


„ 


2-43 




4-58 




2-73 




11-50 




2-58 


0-82 of limt 


Per cen 
7-44- 


= s 


2-43-i 




4-58 




2-73 


26-86 = 6 


10-68 




6 -44 J 





MgO-l-MnO-t-FeO , „„ 
50 '^'■ 
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Thus, taking the same view as before, this slag would 



of- 



0'21 mol. Calcium phosphate. 
372 „ Olivme. 
0-81 „ Spinel. 
1618 „ Free EO-baaea. 



) Basic Martin Slar/ low in Phoiphomg. 

Per cent. Per cent. 



SiO, . 


23-77 containing oxygen 12-66 


P.Oi ■ 


0-379 „ „ 0-213 


A1,0, . 


134 


0-63 


r«,o, . 


2-59 


0-77 


FeO 


14-21 


3-16 


MqO . 


S9-06 


6-46 


CO . 


11-32 


321 


MgO . 


16-90 


6-76 



0'175 (asaumed to be combined with Ca). 

To this 0213 P305 = oxygea corresponds 016 lime 
oxygen, and there therefore remains — 







Per cent 


Oxygen in SiO, 


12-66- 


„ A1,0. . 




0-63] 


Ft^Oj . 




0-77 


Feb 




3-161. 


MnO . 




6 46f 


OaO . 




305 


MgO . 




6-76 


:.0-61 




MaO-t-MnO + FeO 


= 5-37, 


CO 







The slag therefore consists of — 

0-04 mol. Calcium phoaphate, 
6-33 „ Olivine. 
0'47 „ Spinel and magnetite. 
5-29 „ Free RO-baaes. 
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SiOj. 

FejOg 
FeO. 
MnO 
CaO. 
MgO 



PHOSPHATE SLAGS 



Per cent. Per cent. 

ir71 containing oxygen 5-2i 



18-15 
1-01 
2-78 
7-19 
4-05 

48-19 



0-09 corresponding to 



10-23 

0-47 

0-83 

1-60 

091- 
13-77 

2-50 

0-05 



The 10-23 oxygeu in the PjOj correspond to 8-18 in 
CaO (205 CajFjOa), and there then remains — 



SiO, 


. 6-24 


A1,0, . 


. 0-47 


FeA 


. 0-83 


FeO 


. 1-60 


MnO 


. 0-86 


CaO 


. 6-59 


MgO 


. 2-50 



MgO + MnO + FeO 
CaO 



= 0-8 



Hence, for the mineralogical composition of the slag we 
obtain — 

2-05 mol. Calcium phosphate. 
3'12 „ Olivine. 
0-43 ,, Spinel and magnetite. 
3-87 „ Tree RO-bases. 
N.B. — Strictly speaking, the calculation of spinel and m^netite 
from the total AljOg + FejOj ia not correct; but it can always be 
regarded as approximately so. 

In !ime-free refinery slags, e.g. puddlii^ slag, the condi- 
tions are somewhat different, the bulk of the phosphorie acid 
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being necesBarily combined witb other bases in the absence of 
a sufficiency of lime to take the whole. In this coimection 
MqO appears to play a leading part, the aoalyses of three 
puddling slagB prepared from the same raw materials. Id 
different furnaces, giving the following results : — 





% 


7. 


% 


SiO, . 


16-75 


14-08 


14-89 


Fe^Og . 


16-00 


28-61 


17-79 


FeO . 


33-84 


30-93 


5036 


MnO . 


26-29 


20-59 


13-18 


CO . 


1-34 


1-27 


0-92 


MgO . . 


0-57 


0-49 


0-49 


P.O. . . 


4-65 


3-60 


1-90 


MnS 


0-76 


0-52 


0-57 



The calculation of the ratio — — aives— 



the phosphoric acid content being therefore nearly propor- 
tional to the percentage of manganese. 

This becomes stiU clearer when CaO is taken into con- 
sideration as well as MnO, the values for the oxygen being 
then— 



In MnO . 5-93\ „.. 
„ CaO . 0-38/ ' 
„ PA ■ 2-62 
and the oxygen ratio in— 



MnO + CaO _ 



241 



11. 

4-64\ 
0-36/ 
2 03 



2-46 



III. 

2-971 



301 



P^O^ 

Should the MnO be insufficient to combine the whole of 
the P2O5, then FeO would probably come into action. 

Though it has been determined with certainty that the 
only calcium phosphate appearing in phosphate slags is 
Ca^PjOg, opinions differ regarding the FeO and MnO phos- 
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phates ; some believe them to be tri-basic,^ and therefore 
corresponding to MnjPjOg and FejPaOg, whilst others also 
speak in favour of tetrabaaic^ phosphates (MnjPiOg and 
FejPjOg). Fortunately, this does not make much difference 
to the results of the slag calculations, the amount of basic 
oxygen corresponding to the P^Os-oxygen being found in the 
first case by multiplying with the factor 0-Q, and in the 
second case by using O^S. The number of molecules of phos- 
phate remains the same, only in the former case the amount 
left over for the silicates is a little greater. 

This will be clearer from the following example, taken 
from the first of the above puddling slag analyses : — 



Oxygen 


in SiO^ . 


. 8-92 per cent 


,1 


Fefi, 


. 4-80 „ 


„ 


FeO . 


■ '3'-52 „ 


„ 


MnO 


. 5-93 „ 


„ 


CaO . 


. 0-38 „ 




MgO 


. 0-23 „ 


„ 


PA- 


. 2-62 „ 



The 0-38 lime oxygen corresponds to 0'48 PjO^-oxygen; 
thus leavmg 2-62 - 0-48 = 2-14 P^Os-oxygen for the EO- 
bases. 

If we assume in the first place that octabasie phosphates 
are formed here, then the 2-14 PjOj-oxygen corresponds with 
r71 EO-oxygen, and there remains-^ 



Oxygen in SiO^ 

„ r,o. 






8-92-. 

4-801 


FeO 
MnO 






i:Si«^- 


MgO 






0-23 1 




b' 


.053. 








= Mo 


e properly octabasie 
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From this we obtain by calculation the followii^ as the 
mineralogical composition of the slag : — 

010 mol. Calcium phosphate (Ca^PjO^). 
043 „ Manganese phosphate (Mn^PjOg). 
4 "46 „ Olivine. 
1-60 „ Magnetite. 
1-45 „ Free KO-bases. 

If, on the other hand, we assume the existence of a 
hexabasic manganese phosphate, then the 2-14 PgOg-oxygen 
corresponds with 1-28 EO-oxygen, leaving — 





Per oent 


Oxygen in SiO^ 


. . 8-92- 


re,0, . 


. 4-80 1 


FeO 


, 7-52 


llnO 


. . 4-65 


MgO 


. . 0-23 



giving the elag the compositio 



0-10 mol. Calcium pliosphate (Ca^PaOfl). 
0-43 „ Manganese phosphate (MnaP^Og). 
4-46 „ Olivine. 
1-60 „ Magnetite. 
1-88 „ Free EO-bases. 
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CHAPTER V 

OXIDE SLAGS 

Very little ie known as to the detailed composition of the 
oxide slags. Cei-tain it is that the seaquioxide bases enter 
into combination with the monoxide bases ; but whereas most 
observers have chosen for these compounds the formula 
ErO . E3O3, Stead and Eidsdale ' assume the existence of the 
compounds CaO . AlgO^ ; (CaO)s . FejOj and (CaO)3re304. As 
already mentioned, they found in Thomas slt^ two structural 
elements of the following composition : — 

(a) Black magnetic needles, 1 per cent. CaO . AljOj + 
45 per cent. (CaO)3Fe30i + 33'5 (CaO)s . Fe^O^. 

(6) Black non-magnetic crystals, 15 per cent. CaO. Al^Oj 
+ 73 per cent. (CaO)^ . Fe^Oj. 

The theoretical possibility of the compounds RO . E^Oj 
and (R0)3 . RjOj cannot be disputed, since they may be repre- 
sented by the following constitutional formuls : — 
= Al - Al = 
\ / 
O 
V 



V 



' Slahl «. Eisen, 1887, y. 657. 
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Finallj, the coDBtitutional formtilii — 

Ca/'?;Fe-Fe-Fe-0 


\/ \/ 

Ca Ca 

can be laid down for the presumptive compound (CaO), . FcaO^. 
It is therefore quite possible that — as in the case of spinel, 
etc.^-only the compound KO . EjO, really exists, but is able 
to crystallise with excess of BO and B^Oj, this latter 
assumption being supported by the parallel cases of natural 
magnetic ironstone, etc., wherein both monoxide bases and 
sesquioxide bases are found in excess. 

To decide these questions necessitates thorough investi- 
gation, especially of the fusion curves of this class of sla^ 
In the meantime it suffices for practical purposes to r^ard 
these slags as mixtures (or solutions) of EO , RjOj and 
EO (or EjOj). 

Of course the slags may also contain small quantities of 
phosphates, sulphides, and fluorides. 

A special class of oxide slags occurs under certain 
circumstances in the form of inclusions in iron alloys, 
A characteristic feature of these bodies is their poverty 
in seaquioxides (apart from the accidental presence of 
alumina), the cause of this being tliat these oxides are at 
once reduced to the state of monoxides by the adjacent 
excess of metal. 

These inclusions consist of a mixture of monoxides with 
silicates and fluorides, though, under certain circumstances, 
the silicates are very much in the background. Of course 
phosphates may also be present. 

Examples of the composition of such inclusions are con- 
tained in the following tables :— 
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OXIDE SLAGS 





I- 


II. 


III. 


IV. 




SiO, . 

MnO. 
C»0 . 






6-01 

o'-'ig 

2S-27 
5»-65 
0-91 
0-83 
2-16 
1-26 


6-h 

69-Bl 


lo'b 

22-60 
67-38 

} '■'» 


% 

21-44 
0-54 

24-25 
24-73 
17-24 
9-58 


% 
27-81 
0-84 
0-28 
1719 
24-71 
14-41 
19-21 
0-24 
0-14 


Total 


100-08 




103-56 


89-63 


104-83 



N-B. — The considerable divergence from 100 in several 
of the analyses is due to the extreme smallness of the samples 
available for examination. 

The oxygen content of the above slags is given 
below ; — 



OxiTten in— 


-. 


n. 


.... 


IV 


V. 


SiO, 

MnO 
CaO 
MgO 












3-°20 

0-21 
6-50 
13-44 
0-26 
0-13 


4-44 
18-48 


5^38 

6-02 
16-18 


11 


5 
5 
4 
3 


42 

30 
39 
39 

57 
93 
83 


14 -h 

0-47 
0-13 
3-82 
5-56 
412 
7-68 


CaO in phosphate . .... 
Equivalent to the S . . | 0-63 

1 




0-56 


0-24 
019 


0-38 
0-07 


Available basic 01 jgeii . 20-54 




20-20 


19-87 


20-98 


Oxygen ratio of the silicate . 015 




0-26 


0-67 


0-71 



From which the composition of the 
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1 I. 


.1. 


in. 


IV, 


V- 


OliTJiie . . . . ! 3-20 

Maugan^e eulpMde . . 1 063 
FreeRO-bases . . . 17-34 


% 

? 
? 
? 


5S8 

6-56 
U97 


11-42 
0-06 
0-19 
8 '45 


14'°81 
0-10 
0-07 
6-12 



The following slt^ from Soaking Pits i 
certain interest; — 



not devoid of a 



SiO^ , 


314 


containing oxygen 




. 1-67 


P.O. . 


0'068 








. 0-039 


Fe^O, . 


24-77 








. 6-83 


FeO . 


68-31 








1518 


MnO . 


1-047 








0-232 


CaO . 


103 








0-294 


MgO . 


0-83 








0-332 


S 


0-021 


corresponding to oxygen 


0-0105 


s 


tage of ailication 


= 2-27-3-0-07. 




■cm this th 


e comp 


osition 


of the s 


lag 


■works out as 



follows : — 

Per cent. 

Manganese sulphide 0-011 

Calcium phosphate 0-008 

Gehlenite (RO), (SiOj)2 .... 0-84 

Magnetite 1-71 

Free KO-bases 13-48 

In conclusion, reference should be made to the relation 
existing between elags and fireproof materials. The former 
are comparatively readily fusible mutual solutions of several 
very refractory bodies ; consequently fireproof materials may 
be regarded as the more refractory members of the slag series. 
This purely theoretical aspect of the aforesaid relation has, 
however, its practical side, since it leads to the rule that, in 
selecting fireproof materials for building furnaces, choice 
should fall on such as are the least, if at all, soluble in the 
slags to be produced in the furnaces in question. 
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APPENDIX TO PAGES 226 and 233 

The recently published researches of Bakhuia and Roozeboom ^ 
have led to a modification of previous opinion, inasmuch as, 
on the basis of Rothmund's formula,^ they furnish another 
deduction for the molecular dimensions m of the dissolved 
carbon- The Rothmund formula runs — 

m 
t^ being the fusing point of iron, l-i the lower temperature at 
which a melt with e^ per cent, of C deposits solid crystals 
containing c^ per cent, of C. The crystals here implied are 
those first formed, or, in other words, those which at (/ may 
be in equilibrium with the melt c^. 

E is the constant of depression, which is equal to 

002 T'' 

— =n — .wherein T= 27S +(„> and W is the heat of fusion 
W 

in calories per unit of weight. In the deposition of pure iron, 

E is the depression through 1 mol. carbon dissolved in 100 

grms, iron. All the published calculations suffer from the 

defect that the value of W is not exactly known. If, like 

other workers, we take it %a = 20 calories, then E = 3273°. 

Now the curve A B (Fig. 58) appears to be straight from 

1600° to 1250° C. If, then, the still undetermined curve 

(for the solid bodies depositing at the various temperatures) 

to 1250° is also straight, it follows that the carbon has 

' Zeitt.f. phyi. Chtmie, xxxiv. (4), p. 479. 
^ Ibid., iiiT. p. 706. 
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the Bame molecular dimensions both in solid and liquid 
solution, and the value can be calculated thus; — 

For ii = 1250°, Ci = 2-85 pet cent, (bend in the line A B), 
and if the position of the said unknown curve be' correct (see 
Eoozeboom'a treatise), Cj = loO per cent. Hence — 
-1-60 



ft = 3273x:: 



= 12-62, 



1600-1250 

and the carbon in liquid solution is monatomic. If this be 
so, it follows that the carbon in the mixture of crystals 
separating out between 1600° and 1250° is also in the 
mooatomic condition. 

In this place the equation of Heycock and Neville (used 
on pp. 226 and 234) may be given in its proper form — 
0-0198 {T-tf 



-whence the values 


of 


M and 


I adjua 


follows : — 




M. 




1-01 




31-450 


1-7 


1-52 




21-059 


1- 


1-83 




21-264 


1- 


2-46 




20-086 


1- 


2-88 




19-296 


l-( 


3-62 




18-903 


1-. 


4-49 




18-617 


l-£ 



Similarly, on p. 234 we obtain — 
11 = 298-90 



and for the carbide the formula; 1'66 FejC, 
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Abel's researches on iron . 

184. 
Acetone, 40. 
Acid Bassemer ateel, 267. 

oarbazeic, 179. 

niellithic, 163. 

nitrographilDic, 179. 

Acids, their eRect on in 



aE 



140. 



Alterman'a temperatures of formation 

and Tusion of alags, 296. 
Alcohol, 40. 

Alkali metals, nitrates of, 63. 
Allotropic fonns of pure iron, 237. 
Alloy, eutectic, 16. 

fusing point of, 14. 

of tin and gold, 35. 

solubility of, 14. 

Alloys, metallic, 2. 

■ molten, 14, 

of copper and antimony, 77 (Figs. 

29 and 30). 
— — of copper and lead, 97, 98. 
of copper with aluminium, 77 

(Figs. 29 and 30}. 

of copper and tin, 88. 

— of iron, 2. 7. 

of iron, cliemical composition of, 

144. 

of tin and bismuth, 42. 

silver-copper, 14 (Plate I. Fig. 3). 

specific heat of, 80. 

volume of, 79. 



Alnniiiia-lime-singulo-siticatas, 294. 
Aluminates, composition of, 309. 
Aluminium, 150, 151. 
Amorphous carbon, 148, 154. 

solid bodies, 67. 

Analysis, ftactjonal, 93. 

A nal^m ico-histological metallography, 

82. 
Anethol, 10. 
Anions, 70. 
Annealed steel, 116. 
Annealing, 91. 
Antimony, 144 



1,53. 

Apparatus showing loss of carbon, 193. 
.Aqueous solution, 7. 
Arnold's tensile errara exposed by 

Sauveur, 210 (Plate X. Fig. 84). 
Arsenic, 144. 
Augite, 137. 
- — in slags, 299. 
Aureoles in graphite scales, 125. 
Austenite, 100 {Plate V'lII. Fig. 56), 

117, 121, 123, 130, 172, etc. 
— — • points determined by OrmonJ, 

230. 
Avogadro's law, 22, 38. 



Bakhitis and Roozeboom on carbo: 

333 (Fig. 58). 
Basic Bessemer steel, 267. 

Martin furnace slag, 322, 323. 

Martin slag low in phosphoru 



824. 
sl^. 



301. 



Heh re us method of fractional analysis. 
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Bessemer products, 278. 

steel, H6. 

steel, acid, 267, 

■ steel, basic. 267. 

Biological metallography, 82. 
Bismuth, 144. 
. — - and tin, alloys of, 42. 
' Blast-fnmace graphite, 1S2. 

slag analysed by Muirhead, 388, 

Blooming iron, 146. 

Blue moQocIinic cryatala in phosphate 

slags, 320, 321. 
Bofora, iron ore from, 214. 215. 
Boyle's law, 21, 23. 
Bronaea, E0-E2 (Ftgs. 17-28). 
Bubble cavities, gases in, 274. 
Bubbles, gas, 100-103 (PJate IV. Figs. 
35-37). 

on crystal surfaces of scorched 

steel, 103 (Plate IV. Fig. 39). 

origin of, 180. 

Bnmished steel, 14S. 
Burnt iron, 257. 

Cadkivm- BORATE, for treating ferro- 

chrome, 272. 
Calcareous olivine, 139. 
Calcium chloride for etching, 89. 
Calculation of slags, equations for, 310. 
Calescence points, 131. 
Campbell's leseatchea on combined 

carbon, 216-222. 
Carbaieic acid, 179. 
Carbide and hardening carbon, author's 
researches on, 195. 

carbon, 148, 156. 

damp, 165. 

dry iron, 165. 

gas liberated from, 166, 167. 

(iron) at high temperatures, 169, 

170. 

• pure iron, 112-115. 

residues soluble in hydrochloric 

acid, 162. 

of, 157, etc, 
8, el paatim. 
i, 148, 154. 



— — separatii 
Carbon, 144, 
aniorphc 






;, 245. 



:d, micrographical ootn- 
position of, 182, 135. 

. carbide, 148. 

combined, 156, 175. 

content of martensite, 227, 232. 

crystallisation of, 149. 

disulphide, 40. 

crapnitio tempering, 154. 

hardoniua, 118, 149. 

in iron alloya, chemical composi- 
tion of, 223. 



Carbon, its proportion in Tarieties of 
iron, 146. 

— pure, 148. 

(tempering), 100, 106, 148, etc. 

steel. 111. 

Carboniferous iron treated with nitric 
acid, ISO. 

Cast iron, 83. 

Cavities vith rough surface, 100, 103 
(Plate IV. Figs. 40-43). 

with smooth surface, 100-103. 

Cement and hardening carbon distin- 
guished. 195. 

for iron, 84. 

• steel, researches on, 112. 

Cementite, 100, 111, 121, 123, 157. 

chromiferouB, 111. 

— - curve of deposition of, 235. 

"Chalypite," 172. 

Charcoal and iodine solution, 43. 

Chemical analysis, 2, 3, 

analysis as an aid to micrography, 

93, 94. 

composition of slag, 289, 

composition of the carbon present 

in iron allays, 223. 

Chloral hydrate dissolved in acetic 
acid, 40. 

Chrome steel, 111. 

ChTomiferoufl cemeittite, 111. 

Chromium, 144. 

in iron alloys, 271. 

Clausiua' fortnitla, 28, 

Cobalt, 14<. 

" Coefficient of diffusion," 65. 

"Coefficient of distribution" ofJ[aub- 
stance, 64. 

Coefficient of solubility of a gas, 45. 

"Cohenite," 170-172. 

Cold-short grades of iron, 257. 

Coloration of iron, SI. 

of steel, 91. 

. of surfaces of metals for micro- 
graphy, 85, 89. 

Composition of aluminates, 309. 

of martensite, 231. 

of sflieate alags, 303. 

of steel used in experiments for 

carbon separation, 1S4, 165. 

Concentration, volumetric, 57. 

Concentrated solutions, 7-9. 

solutions, vapour tension of, 33. 

Concretionary stmcture, 98. 

Conductivity, metallic, 71, etc. 

Constituents of iron, 237. 

of slag, 298. 

of Thomas slag, 319. 

Conversion point ofmixed crystals, 286. 
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ConversioD points, 242. 

Cooling curve for tin, 68 (Fig. 27). 

of electrolytic iroD, 288. 

of solid iron-caibon alloys, 235 

{Fig. 82). 

of solutions, 7, 8, etc. 

Copper, 95, 144. 

Copper-aluminium olloja, 77 (Figa. 29 

and 30). 
Copper-antimoDj alloys, 77 (Figs. 29 

and 30). 
Copper and lead alloys, 97, 98. 

and silver alloys, 95. 

and tin alloys, 98. 

chloride, 63. 

ill iron alloya, 272. 

■ sulphate, 63. 

Ctyohydrates or mother liquors, 10. 
Cryatalline solid bodies, 57. 

Crystal! isatioD of carbon,. 149. 

- — -of metals seen with microscope, 

95. 
of tin, 68 (Fig. 27). 



-spot 



I, 60. 



Crystals and grains distiagutsbed, 95. 

mixed, conversion point, 236. 

mixed, solidification point, 238. 

Cuprous oxide, 97. 

Curve of deposition of cementite, 235. 
Curves of solution of iron-carbon alloys, 
223 (Plate X. Fig. 82). 

Dalton's law as to solutions of gases, 
45. 

De Benneville's researcbaa on man. 
ganese, 248-250. 

Definition of siderology. 1, 2, 3. 

De Eoninck's conclnsiona as to iron 
alloys, 186, 189. 

S-iron. 244. 

Depositions, internal, in solid solu- 
tions, 54. 

Detonation experiments, 167. 

Diphenyl, 40. 

Diphenylmethane, 40. 

Depression in tempetsture of deposi- 
tion, 225. 

of solidification point of solution. 

Diamond, 148, 155. 

■ steel, 268. 

Dielectrical constant, 41. 
Diffosibility of one metal in another, 

measurements of, 68. 
"Diffusion," 65. 
DOute solutions, behaviour of, 7-9. 

solutions, vapour tension of, 

- 25-33. 



Dimensions, molecular, measurement 

by osmotic presallre, 88. 
Dissociation, power o^ 40. 
Dissolved carbon, equation for mole- 

onles of, 226. 
Distillation, isotheimal, 27, 
" Distribution, coefficient of," 64. 
Donath's experiments on combined 

carbon, 177, 179, 181. 
Double salts, 63. 
Drawing of metals, 97. 
Dry grinding, 84. 



test, 175, 193. 

Electrical conductivity, 70. 

graphite, 152, 163. 

resistance, Le Cbatelier's re- 
searches on, 248. 

Electrolytes, 70. 

Electrolytic iron, cooling of, 238. 

Enamel slags, 301. 

Enstatite, 138. 

in slags, 299. 

Equation for molecules of dissolved 
carbon, 226. 

of condition, van der Waal, 56. 

Equations for ealculation of dags, 
810. 

determining weight by means 

of depression of solidification point 
of a solution, 39. 

Etch-polishing, 121. 

Etcbil^ surfaces of metals for micro- 
graphy, 85-89. 

with diinta nitric acid, 86. 

■ with fused calcium chloride, 89. 

with hydrochloric acid, 87. 

with iodine tinctui-e, 88. 

Ether, 40. 

Ethyl or methyl alcohol and water, 
vapour tension of, 32, S3. 

Ethylene bromide, 40. 

Euteetic alloy, 16. 

mixtures, 10, 18. 

solutions, 10, 

Evaporation, latent heat of, 66. 

of a liquid, 55. 

Expansion, thermal, 76. 

Experiments for separation of carbide, 
157, etc. 

Fayalite, 139, 301 (Plate IX. Fig. 
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Foirite, 100, 107-111, 121, 



!3, 132, 



Ferro-alutniDium, 90. 
Ferro-ehrome, 83, 89. 
Ferro-msDgancse, S3, 96, 145, 146, 
246, etc. 

Hogg's researches on, 250-252. 

Ferro-tangsten, 83, 93. 
Ferroua oxide, 301, 326. 
FeO-ailicatea, fualon of, 297 (Plate X. 

Figs. SO and 91). 
Fibrous stnictare, 99. 
Fick'a law, 65. 
Fioery iron, 148. 

ateel, 148. 

Fireproof njaterials related to slags, 

332. 
Flat poliabiug, 84, SG. 
Flexion as a test for hardneBs, 92 

(Plate III. Figs. 31 and 32). 
Forge iron, 145. 
Forging of metals, 97. 
Formation and fusion of alags, tem- 
praturee of, 29S. 

ofslaca, temperatures of, 293. 

Formic acid and water, vapour tension 

of, 31, 33. 
Formula of Clausios, 23. 
Forsterite, 139. 

Fractional analyais of iron, 93. 
Fracture, intraorystalline, 110. 

intragranular, 110. ' 

Frietional resistance, calculation of, 66, 
Fomace iron, 148. 

slag, hasie Martin, 322, 823. 

Fusing point of an alloy, \i. 

point of iron, 224. 

.. — temperatures of slags, 293. 
Fusion of FeO-silicates, 297 (Plate X. 
Fi^. 90 and 91). 

of iron-calcium silicates, 297 

(Plate X. Figs. 90 and 91). 
of solids, latent beat of, 221. 

7-jRON, 237. 

Gas bubbles, 100-103. 

coefficient of solubility, 45. 

. ■ liberated from carbide, 168, 167. 

Gaseous mixture ia molten iron and 

steel, 284. 
— — - products of iron alloys diasolved 

in acids, 213. 
Gases and solutions, relation between, 

22. 
esoapinft during filling of mould, 

278-283. 

in iron alloys, 274. 

in iron alloys, Fr. C. G. Muller's ; 

researches on, 275, 276. | 



Gases in iron alloys, Troost and 
Haatefeuille's researches on, 275. 

in steel, Zyrom ski's researches on, 

277. _ 

liberation of, in cooling iron and 

steel, 284. 

solutions of, 45, etc. 

Qay-Lussac'H law, 21, 23. 

Geology, 2, 3. 

Gehlenite, 140, 298, 308. 

Gold and tin, alloy of, 35. 

dissolved in bismuth, 68. 

dissolved in lead, 68. 

dissolved in tin, 68. 

Grains and crystals distinguished, 
95. 

Granular structure (grey iron], 98. 

Grai)hite, 100, 105 (Plate V. Fig. 45; 
Plate VI. Figs. 48, 47, 48), 
123-127, 148, 150, 152, etc. 

blast'furnace, 152. 

electrical, 152, 153. 

hydrate, 176. 

natural, 152. 

oxide, 162. 

specific gravity of, 151. 

speeiBc head of, 151. 

Graphitic acid, 152. 

tempering carbon, 154. 

Graphitite, 152. 

Great's temperatures of formation and 
fusion of slags, 298. 

Grey iron (granular structure), 98. 

mioroBcopical investigation of. 



HAMMEblNa of metals, 97. 
Hardening and carbide carbon, author's 

researches on, 196. 
— — and cement carbon distinguished. 



'Hardenite," 117, 1 



Heat (specific) of alloys, 80. 

Henry's law, 45. 

Herojnite, 141. 

Hexagonal prianis in phosphate slags, 

320. 
Heycock and NevUle's equation, 226, 

234, 334. 
Hilgenstock's researches on slags, 312- 
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Hogg's veaearches ou ferromaDgousBe, 
250-262. 

reaearelies on iwu alloys, 184. 

Hydrates of ferric chloride, 11, 12 
(Plate I. Fig. 2). 

of phoaphate slags, 317. 

of silica, 291. 

Hydrocarbon from carbide carbon, 14S. 

Hydroehloric acid (aqueous solutioii) as 
a conductor, 70. 

acid gas (pure) as a conductor, 

70. 

■ acid for etching, 87. 

Hydrogen, 144. 

- — - aud iron, relation between, 287. 

in iron, Roberts- Aufteu'i re- 
searches on, 286 (Fig. 85). 

metals showing an affinity for, 



- retained i: 



cold i 



1 and steel. 



Hydragtapliite oxide, 153. 
I; 



Blag, 100, 104 (Plate IV. 
Fig. 44). 

loresse by cooling iu tensile strength 
of iron, 238. 
interior ofgraina, ahaly structure, 96. 
' Internal pressure," 56. 
— separations or depositions in solid 
BolutloDS, 54. 

Ltracrystalline fracture, 110. 
itragranular fracture, 110. 
iodine and charcoal solution, 43. 

tincture for etching, 88. 

' Ions " or molecules, TO. 
ingot iron, 145, 146, 262, 256. 

steel, 146, 148. 

■Injurious" or "hardening" phos- 
phorus, 266. 

on and hydrogen, relation between, 
287. 

allotropic fomis of, 287. 

alloys, chemical composition of, 

144. 

alloys dissolved in acids, gaseous 

products of, 213. 

Bessemer, 146. 

Blooming, 146. 

calcium silicates, fnaion of, 297 

(Plate X. Figs. 90 and 91). 

carbide, 148. 

carbide at high temperatures, 16B, 

170. 

carbide treated with acids, 168. 

-carbon alloys, cooling of, 235 

(Fig. 82). 

carbon alloys, curves of solution, 

223 (Plate X. Fig. 82). 



Iron, cast, 83, 

coloration of, 91. 

- — ~ constituents of, 237. 

crjsUlline white, 83, 93. 

finery, 146. 

forge, 146. 

- — - furnace, 146. 

fusing point of, 224. 

grey, 124. 

grey (granular struchire), 98. 

—~ ingot, 145, 146, 266, 262. 

manganese, 248. 

• meteoric, 170. 

olivine, 139. 

ore, specular, 143. 

pig, paiitvi. 

puddled, 146, 256, 282. 

radial white (raicrolithic felt), 

99. 

■ refinery, 256. 

reverberatory furnace, 146. 

Siemens- Martin Pemot, 146. 

— — silicide, 254. 

telluritic, 172. 

Thomas, 146. 

■ welded, 146, 284. 

welding wrought, 145. 

white, 126. 

■ white (paving-atone8tructwre),98. 

wire from Bofors, 214, 215. 

Isomorphic mixtures, 18. 
Isomorjihous salts, 63. 
Isothermal distillation, 27. 

Kathions, 70. 

Latent heat of evaporation, 53. 

heat of fusion of solids, 224. 

Lead and copper alloys, 97. 
" — ■ dissolved in tin, 68. 






Le Chatelier on 
243. 

Le Chatelier's I'ssearohes on allotropic 
forms, 241. 

Ledebur on slags, 289. 

Liberation of gaacs in cooling iron and 
steel, 284. 

Liebenow's theory of metallic conduc- 
tion, 72, 73. 

Lime, fusion of silicates of, 296 (Plate 
X. Figs. 86-89). 

Liquefaction of a gas, 65. 

Liquid eutectic alloy, solidification 
curve of, 231 (Fig. 82). 

mercury as an alloy, 74. 

—— solutions, Eaoult's law for, 64. 

supercooling of, 60. 

Litharge, 242. 
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Locomotion of moteonlet, powers of, 

Maonesia uid linie, fuBioD of silicates 
of, 296 (Plate X. Figs 86-86). 

pyroxene, 138. 

MttgnetiBin ot sub-carbide, 174, 
Magnetite, 189 [Plate IX. Fig. 73), 

HI, 301. 
Manguiese, 146, 246, elpaasim. 

combined with carbon, 246. 

De Benneville'a researclies ou, 

248-250. 

iion, 246. 

Moissan's researchee on, 262. 

. Osmond's researches on, 252. 

oxide, 326. 

ateel, 122, 246. 

— — sulphate, aolutioa of, 10. 
Troost's and Hautefeuille'a re- 
searches on, 252. 
Manganese-oliviue, 139 (Plate IX. Fig. 

74. 



Method of frACtiona] a 

Mica, 141. 

MioTM^phical compositioi 



of steel 



carbon content of, 227, 232. 

eomposition of, 231. 

— satoration point, 228. 

Martin furnace, slag (basic), 322, 323. 

steel, 368. 

Haasicot, 242. 

Measurement of weight bf depression 

of vapour tension, 39. 
Meaaureiuents of diffusibility of one 

metal into another, 68. 
Melilite, 140. 

in slags, 300. 

Melilite.Scapolite group of minerals in 

slag. 140. 
Mellithic ociil, 153. 
Melting and yaporisation, similarity 

between, 68, etc. 
Mereutj (liquid) as an alloy, 74, i 

Metal, motility of molecules, 66. { 

HetaUic alloj^ 2. 

conductivity, 71, etc. 

MBtallography, 2, 

— anatomico-histologioal, 82. 

— — biological, 82. 

pathological, 82, 

Metals, micrography of, 81, 

opacity of, 74. 

■ showing an affinity for hydrogen, 

288. 

surface suitable for micrography, 

83, 
HetASilicates in slags, 297> 



with carbon, 132, 
Micrography of metals, 81. 
MicrDlLtliic felt (radial white iron), 99. 
Microlitbs, 98. 
Microstnicturs of slags, 137, 
"Missing carboii," 203. 
Mixtures, entectic, 10, 18. 

isomorphic, 18. 

Moisaon'B researches on manganese, 

252, 
Molecular depreasiou of transformation 

point, 233. 
theory of solution of gas in 

liquid, 46. 
~ — weight and osmotic prcssare, 38. 
Molecules of dissolved carbon in liqnid 

steel and pig iron, equation for, 

motual attraction of, 65. 

powers of locomotion of, 56. 

Molten alloys, 14. 

ii-on and steel, gaseous mixture 

in, 284, 
iron carbide, Saniter's analysis. 






Molybdenum, 144. 

in iron alloys, 272. 

Monoclinic crystals (blue) in 

slags, 320, 321. 
Monticellite, 136. 

Mother liquors or cryohydrates, 10. 
Motility of molecules of metal, 66. 
Mould, gases escaping during filling of 

278-283. 
Huirhead's analysis of blast-furnace 

slag, 308. 
Miiller, Fr. C. G., on gases in iron 

alloys, 275, 276. 
Midler's researches on gases escaping 

during fiUin^ of mould, 278-283. 
Mutual attraction of molecules. 55. 

Natural graphite, 152. 
Nickel, 144. 

steel, 122. 

i Nitrates of alkali metals, 63. 
Nitric acid (dilute) for etching, 86. 

acid, its effect on carboniferous 

■ L, 190. 



Nitrt^en, 1 
Nitrogiaphitoic acid. 1 
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Olivine, group of minarala in slag, 1 

(Plate IX. Figs. 71-74). 

in slags, 300. 

■ iron, 138. 

manganeae, 139 (Plate IX, Fig. 

74. 

(true), 13B. 

Opacity of metaU, 74. 

Osmond and Werth's researchea, 1S2, 

183. 
Oamond's austeuite points, 230. 
recalescence curve, 239 {Plate X. 

Fig. 83). 

reHearohes on inangnnese, 252. 

Osmotic preasare, IB. 

pressure anil molecular weight of 

dissolved substance, 38. 
pressure of a solution proportional 

to its concentration, 21. 
pressure, relation with other 

properties of solutions, 25, etc. 

pressure varies as the tempera- 

ture, 21. 
Oxide, ferric, 138. 

graphite, 153. 

ttjdrograpliite, 153. 

pycographite, 153. 

— slags, 290, 329. 
Oxygen in iron alloys, 144, 272. 
in silica, 303. 

Palladium, hydrogen dissolved i 
Pathological metallography, 82. 
Paving-stone structu™ (white iron), 98. 
Peariite, 100, 118 (Plate VIII. Figs. 

56, 57), 121, 123, 133. 

granular, 119. 

. scaly or laujellar, 118. 

Peltier effects in alloys, 73. 
Phenol, 40. 

"Phenomena of adsorption, " 43. 
Phosphate and phosphide, 257. 

slags, 317. 

- — — slags, blue raonoclinio crystals in, 

320, 321. 

slags, hexagonal prisms in, 320. 

slags, hydrates of, 317. 

al^, rhombic plates in, 320, 321. 

Phosphatio slags, """ 

Phosphide an ' ' 

"Phosphide' 

Phosphoric acid, retrogradatjon of, 321. 

Phosphorus, 144, 151. 

author's researches on, 258-287. 

in iron alloys, 268. 

Pig iron, pasfim. 

Platinum dissolved in lead, 68. 

Pleonast, 141. 

Polishing, relief, 121. 



j Polishing surfaces of metals, 84. 
Polymensation, 111. 
Potasaium nitrate, 63. 
Preasure and weight of dissolved sub- 

osmotic, 19. 

Princep's alloys, temperatures deter- 
mined with, 293. 
Pi-ismatie sulphur, 241. 
Products, Bessemer, 278. 

Thomas, 281. 

Properties of solutions, their relation 



n alloys, 1 



Frost's researches o 

Puddled i^n, 146, 256, 262. 
Puddling slag, 325. 
Pyrographite oxide, 153. 
Pyroiienegi'oup of animals in slag, 137. 
— — magnesia, 138. 

Radial agglomerations, 98. 

white iron (microlithio felt), 99. 

Raoult's law for liquid solutions, G4. 
Recalescence curve of Osmond, 239 
(Plate X. Fig. S3). 
I - — — points, 131. 
Refinery iron, 256. 

slags, 301. 

Relation between gases and solutions, 
22. 

between iron and hydrogen, 287. 

Relief polishing, 84, 85, 121. 

Reaistance to scratching, 91, 92. 

" Retrogradation " of phosphoric acid, 

321. 
Reverberatory furnace iron, 146. 

furnace steel, 146. 

Rhodium dissolved in lead, 68. 
Rhodonite, 139. 

■ in slags, 299. 

Rhombic plates in phosphate slag, S20, 

321. 
Riecke's formula, 66. 
Roberts -Austen's researches on hydro- 
gen in iron, 286 (Fig. 85). 

researches on temperature at 

which dilf uaion occurs, 67 ( Fig. 



crystals, 236. 
Rothmund's formula for molecular 
dimensions of dissolved carbon, 
883. 
I law for solid solutions, 54. 
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Salts, double, 63. 

isomorphoua, 63. 

Souiter'a analysis of molten iroa car- 
bide. 23S. 

table for combined carbon, 206. 

Satnration pointof carbon for iron, 133. 

point in martenaite, 228. 

Saccharose, 21, 66. 

Sauveur's exposure of Amold'a tensile 
testa, 2*0 (FUte X. Fie. 84). 

tables for combined carbon, 207, 

208. 
Soaly or lamellar pearlite, 118. 
SchUtsenberger and Bourgeois' re- 

searclies on combined carbon, 176, 

177, 179, 180. 
Scratching, resistance to, 91, 92. 
Seger cone, temperatures determined 

with, 294, 296, 
Seimration of carbide, 1S7, etc. 
Shaij interior of grains, 93. 
Siderography, its definition. 1, 2, 3. 
Siemens- Uartin carbon st«el, 146. 

Pemot iron, 146. 

Silica. 254, etc. 

hydrates of, 291. 

oxygen in, 308. 

SUieate akgs, 290, 303. 
Silicic acid. 291. 
Silicides, 254, etc. 
Saicon, 144, 160, 157. 

), 96. 
Silver diuolved in tja, 63. 

solidification of, 15. 

sulphide, 97. 

Slag (blast-famace) analysed by Hair- 
bead, »08. 
chemical composition of, 289. | 

constituents soluble in HCl and 

HF, 808. 
inclusions, 100. 101 (Plate IV. j 

Fig- 44). I 

Slags as solutions, 289. 

basic. 301. I 

- — ■ constitution of, 7. 

equations for calculation of, 310. i 

fusing temperatures of, 293. | 

Hilgnistock's researches on, 31 2- i 

316. 



, 298, 312, 

Vogt's table of, 142 (Fig. 79). 

Sodium chlorate, 63. 

sulphate, 63- 

tartrate, 21. 

Solid bodies, amorphous propertieo of, 

67. 
bodies, crystalline properties of. 



solutions with internal deposi- 
tions, 54. 

Solidification curve of tlie liquid eii- 
tectic alloy, 231 (Fig. 82). 

of silver, 15. 

point of a solution, depression of, 

point of mixed crystals, 286. 

Solids, latent heat of fusion of, 224. 

vapour tension of, 29, 

Solubility, theory of, 55, etc. 

of an alloy, 14. 

Solution, aqueous, 7. 

curves as basis for deduction of 

weight, 233, 

of antimony in tin, 53. 

of carbon in iron, 129 (Fig. 68). 

tension of, 61. 

Solutions and gases, relations between, 

22. 



cooling of, 7, 8, etc. 

dilute, 7, e. 

dilute, vapour tension of, 25-8 

diflereut varieties of, 16, 17, 



- slagB as, 289. 

- supersaturated, 61. 

- their properties related t< 



re of, 137. 

oiide. 290. 

■ phosphatic, 290. 

— ~ refinery, 301. 



, >. 26. e 
with only one volatile co 

25 (Plate I. Fig. 15). 
— — with two volatile constituents, 

25,31. 
Solvent, vapour tension of, 25. 
Sorbite, 100, 119, etc. 
Specific gravity of graphite, 151. 

heatof afloys, 80- 

— ~ heat of graphite, 157- 
Specular iron ore. 143. 
Spiegeleisen, 146, 177. 267. 268. 
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Spiegeleiseu, ligurea on, 89-91, 

(Plate IV. Fig. 38). 
Spinet, 141. 
— inslaga, 301, 306. 

zinc, 141. 

Spontaneous crystalliaatioD, 60. 
Sulky atructunt of iron alloys, H. 
Steel, 262. 

add Bessemer, 287. 

and carbon, micrographical i 

position of, 132, 13B. 

annealed, 116, 

basic Bessemer, 267. 

Bessemer, ]i6. 

■ burniBbed, 146. 

carbon, 111. 

. ■ cement, 146. 

cement, researches on, 112. 

coloration of, 91. 

" diamond," 268. 

finery, 146. 

ingot, 145, 146, 

— — ^ manganese, 122, 246. 

Martin, -268. 

nickel, 122. 

reverbaratory fomace, 146. 

gcorehed, bubbles on, 103 (Plate 

IV. Fig. 38), 

Siemens- Martin carbon, 146. 

welded, 145, 146, 

white, 146. 

StciobJometric conditions, 10. 
Subcarbide, 173. 
Sugar solutions, 21. 
Sulphnr, 144. 

in iron alloys, 270. 

octaliedial, 241. 

prismatic, 241. 

Supercooling of liquid, 60. 
Supersaturated solutions, 61. 
Surface of metals suitable far mi 

graphy, 83. 
Surfaces, etching for micrography, 



Tblltiritic iron, 172, 
Tempering carbon, 148. 

carbon, graphitic, 154. 

Temperature of conversion, 242. 

of deposition, depression in, 225. 

Temperatures of formation and fusion 
of stags, 296. 

of formation of slags, 293. 

of slags detenuined with Princap's 

- — - of slags determined with Seger 
cone, 294, 295. 
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Tensile strength of iron increased by 
cooling, 238. 

tests by Sanveur refuting Arnold, 

240 (Plate X. Fig. 84). 

"Tension of solution," 61. 

Tephroite, 139, 

Tliermal expansion, 76. 

Thiopheno dissolved in benzol, 53. 

Thomas iron, 146. 

products, 281. 

slag, constituents of, 319, 325. 

Tin. 144. 

and bisnmth, alloys of, 42. 

and gold, alloy of, 35. 

crystallisation of, 58 (Fig, 27). 

Titanium, 144. 

in iron alloys, 272. 

Transformation jraint, molecular de- 
pression of, 233. 

Troostite, 100, 131. 

Troost and Hautefeuille on gases (in 
iron alloys, 275. 

Troost's and Haute feuille'a researches 
on manganese, 252. 

Truss-iron, 148. 

Tungsten, 144, 157. 

borate, 271 . 

in iron alloya, 272. 

VANABirM, 144. 

Van der Waal's equation for Boyle's 
and Gay-Lusaac's lans, 23. 

equation of condition, 56. 

■\'an't HotTs equation, 225. 
Vaporisation and melting, similarity 

between, 58, etc. 
Vapour tension of concentrated aolu- 

tension of dilute solutions, 25- 

33. 
— — tension of ethyl or methyl alcohol 

and water, 32, 33. 
— - tension of formic acid and water, 

31, 33. 
tension of propyl alcohol and 

water, 32, 33. 

tension of solids, 29. 

tension of solutions with two 

volatile constituents, 31. 

tension of solvent, 25. 

Volume of alloys, 79. 

Volumetric concentration, 57. 

Vogt'a researches on sUgs, 137, 298, 

312, etc. 

table of slags, 142 (Fig. 79). 

Von JUptnet's dSiuctions on combined 

carbon, 210, 211, 212. 
researches on hardening and car- 
bide carbon, 195. 
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INDEX 



9- WIlit? iroD, radial (microltthic felt), i 
[tig iron, 145, U8. 

Btwl, 146. 

WEiiiUT ilrtprmtDed from curves of Willemlte, 141. 

Bolution, 233. Wire, Eggvrtz's nonnftl, 2K, 215. 
measured bj depi'essioii of vapour Wollastouite, 139. 

t^ueioD, 36. in slugs, 296. 

Welded iron, 145, 2fl4. Wrooght iron, welding, 145, 146. 

ateel, 145, U6. 

Welding wrought iron, 145, 146. . Ziar, 144. 

White iron (paving-stone itructure), Bpiud, 141. 

08, 126. Zyromski on gases in Btcel, 277. 
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Bleaching Powdei^Bone Black— Boric Acid— Brunswick Green— Cadmium Vellow— Cai> 
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Engfish— Table i^the Elements— etc., etc.— Copious Index. 
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other Industries. By W. B. Cowell. Twelve Illustrations. Crown 
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BONE PRODUCTS AND MANTTRES : An Account of the 

most recent Improve merits in Che Manufacture of Fat, Glue, Animal 
Charcoal, Size, Gelatine and Manures. By Thomas Lambert, Techni- 
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' ~ " "" " Farmyard Manure— Action on Crops— Water-t 

.m.— VII., AniSciLl Manures— Bones— Boiled 
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Products- Potash Compounds— Sulphate of Ammonia— Eiiraclinn in Vacuo— Description of 
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UANUFAOTURE OF PAINT. A Practical Handbook for 

Paint ManuFacturers, Merchants and Painters. By J. Cruickshank 
Smith, B.Sc. Demv 8vo. 1901. 200 pp. Sixty lllustratiuns and One 
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cisely setting forth in a most practical manner many intricate details in the preparation and 

production of paint during the operation of grinding. . . . The work should occupy a position 

U^ati'^. ' " " ""^ '" "" '" '"'•™" '" f"'" ■ ~ 

THE CHEMISTRY OP PIGMENTS. By Ernest J. Parry. 
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Enamel While— Whitening— Red Lead -Litharge— Vermilion -Royal Scarlet—The Chromium 

— Mars Coloura-TerreVe«e-!-p'"uMianlJr^n^ob*tCorouni-^ruleum— Small— Copper 
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le Shad oi; Blast Pumace.— VI.. Condensation of Lead Fume— 
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By Jab. Pairib, P.G.S. Crown 8vo. 1901. 64 pages. Price 2H.6d.; 
Abroad, 39. ; strictly net. 

Contents. 

ChRpleri I., D«flnitioaB—Properti«— Occurence.— II., G»tem— Johiwtoniie— Cenuiite— 
C^niH (Whiu Lesdh-Minium— Red Lead.— [I]., Pyroniorphiw-~Mirn«ciie~Heiliphuit— 

Itc— Lodhilliw — Suunnitc— Claiutbalite — Calunnile,— v.. Mendipite— MallocluU— Crom- 
tordite— NagyiiBite— Attiite— McluuKhroite — Vauguelinite — Scheelniiw.— VI.. PlBtlncrilt- 
Tilkcrodite— Raphuoamin— Dcchtnite— DuclMiilt-Durnnayiiu — Blcinleritc— MoftnuiM 
— OeocrofliK — KilbrecbmiM — SchuJiite^BouLangcrile — Hetcnnnorphiu — Hei»«hinilc— 
JuneBonite — Pla^onilt — Zinkeniu.— VII.. Kobcinit — Boumonile— Selenkupfe^Wii— nirn- 
limlB— Percylile— Wolchice— PoIysphracrite-HiHiiM,— rnden. 

THE RISKS AND DANGERS OF VARIOUS OCCUPA- 
TIONS AND THEIR PREVENTION. By Leonard 
A. Pabby,H.D.,B.S. (Lend.). 196 pp. Demy 8vo. 1900. Price 78. 6d.; 
India and Colonies, Ss. ; Other CnuntrieB, 8a. 6d. ; strictly net. 
Contents. 

ChapttPS I.. OccupationB which are Accompanied by the Oeneralion and Scattering of 
Atmarmal Duanlitie* oF Duit.— II., Tradei in which there is Danger of .Metallic PoiKning.— 
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PRACTICAL X RAY WORK. By Frank T. Addyhapj, 
B.Sc. (Lond.), P.I.C., Member of the Roentgen Society of London; 
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the X Rays.— HI., The Discover)-. 

Part It., Apparatui and Its Manarenient— Chapters I.. Electrical TermB.^!!., Source* 
of Electricity.— III.. Induction Coils.— IV., Electroslalic Machines.— V.. Tubes.- VU Air 

pSrt lU^'p^iMiM x'Ray wJS'^hapi^7„"histatlatJon«.-n!!"RBdio^y.-III., 
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List Of Plate*. 

Fron<uAi«e~Con«en<tal Dislocslion of HipJoint.— I.. Needle in Finger.— II., Needle in 

■coma — 'vi l™Six-™ks-4ld 
aclure at Tibia and Fibula 

.,___. ___.. . __._ ._. .„ Grain of Splint.— XI., Bai- 

rcu's Method of Localisation. 

India- Rubber and Gutta Percha. 

INDIA-RUBBER AND GUTTA PERCHA. Translated 

from the French of T. Sulcghann, G. Lahv, Tohvilhon and H. 

Falconnet. Royal fivo. Eighty-six Illustrations. Three Plates. 

About 400 pages. 1902. [In Ihe press. 

Contents. 

Part I.— Chapters I., Botanical Origin.— II., C1imaloli«y— Soil— Rational Culture aod 
Acclimation of the Different Species or India- Rubber Plants.— IH., Methods of Obtaining 
the Latex- Methods ol Preparing Raw or Cnide India- Rubber— IV. , Classiflcation of the 
Commercial Species of Raw Rubber.— V.. Physical and Chemical Properties of the Latei 
and of India-feubber.— VI. and VII.. Mechanical Transformation of Natural Caoutcbouo 



nal Caout< 




II.— Outta Percba.-ChL., 

—Rational Culture.— III,. Methods of Collection.— i v.. uassincati 
Species of Commercial Outta Percba.- V., Physical and Chemi> 
Mechanical Transformalion.— VII., Method* of Analysii^.— VIIL, 
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DRYING BY HSAKS OF AIR AND BTEAM. Explana- 
tione, Pormulx, and Tables for Use in Practice. Translated from the 
German of E. Ha-jsbhand, Two folding Diagrams and Thirteen Tables. 
Crown 8vo. 1901. 72 pp. Price Ss. ; India and Colonies, 5s. 6d. ; 
Other Countries, 6s.; strictly net. 

Contents. 

Chipun U Introduclion.— II.. Eitimaiion of the Muimum Weight of Satt 



tun*.— IIU CalcuUlion of the Necewirr Weight und VoIukh at Air, ind of the Leuu 
.l,J^th Ihe iU.umVio^'th»7lheA?rirc™/J(Wj5™ura/(d'with y 



r Drying AppBnitu.v,ilti H™ 

nplion th»t tke Air ii CompliUly S<a.. _.., _,._. 

... . n the Apparatut.— fi. When the Atmoipheric Air isConipIelely Sati 

'( ailry, but at its nil ib or'v j. i or i Salunled.— C. When the Atnwepheric Air 

le Drying CI 



..... , . igbyMeani . . , 

Surface, Velocity of Ihe Air Current. Dimenaioni of the Drying Rmm. Surface of the Drying 
Materia], Louei of Heat. — Index. 

EVAPORATING, CONDENSING AND COOLING AP- 
PARATUS. Explanations, Formutie and Tables for Use 
in Practice. By E. Haushband, Engineer. Translated from the 
Second Revised German Edition by A. C. Wright, M.A. (Oxon.), 
B.Sc. (L.und.], formerly Assistant Lecturer and Demonstrator in 
Chemistry at the Yorkshire College, Leeds. With Twenty-one Illus- 
trations and Seventy-six Tables. Demy 8vo. 1902. Price 10s. 6d. ; 
India and Colonies, lis. ; Other Countries, 12s. net. 
Contents. 



SyRiboh and Cuntractiona.— Introduction.— Chapter* I., R/Cotmdent of TranHnimion of 
Heat, U, and the Mean Temperature Difference, «/u..— II., Parallel and Oppowte Current*.— 
III.,Appanilus tor Heating with Direct Fire.— (V., The Injection of Satumted Steanv.— V.. 
Superheated Steam.— VI.. Evaporation hy Means of Hot Liiguid*.- VIU Tlie Tianiterenoe 
at Htat in General, and Tianaference by meana of Saturated Sleam in Particular.— VI lU 
The Transference of Heat from Saturated Sleam in Pipe* (Colli) and Double Botloms.— 
IX., Evaporation in a Vacuum.— X., The Multiple-eflecl Evaporator.— Xl^ Multiple-eff«t 
Evaporator* from which Extra Steam it Taken.- XI]., The Weight of Water wh«b must be 



o a>-70 per cent.— XH1., The Relativi 

r... „.^„ Bi™.;ng Drops ol 

Hits of Steam.— XVI., 



,. , ir Actual Dimensiona.- XIV.. 

A by Current* of Steam and Oae upon Floatit ^ 



The Splashing of Bvaporatrng Lii^uids.- XVII.. The Diameter of Pip 

Apparatus" and '^Pipea to 'ihe Surroilnding Air, a'd*^ Mum for PrevenliMThe'LoH^Xx!! 

— XXIIL.'rhe Volume* lo°be EXi<ute?from"condenten'by the Ai'r-pumpa.-^XXlV.. A Pe^ 

Air-pump^Xxi^lT'^e'voluiM* of Alr^ich must be B>hausted'rr(«i"aVessel in order to 
Reduce In Original Preaaure to a Certain Lovirer Pre»ure.— Inde>. 

Leather Trades. 

THE LEATHER WORKER'S MANUAL. Being a Com- 
pendium of Practical Recipes and Working Formulae for Curriers, 
Bootmakers, Leather Dressers. Blacking Manufacturers, Saddlers, 
Fancy Leather Workers, and all Persons engaged in the Manipulation 
of Leather. Bv H. C. Standaoe. 16S pp. 1900. Price 7s. 6d. ; 
India and Colonies. Ss. ; Other Countries, 8s. 6d, ; strictly net. 
Contents. 

Chapters I„ Blackinga, Poliahea, Oloaaes, Dreaainga, Renovators, etc., for Boot and Shoe 
Leather.— II,, Harness Blackings, Dresiinga, Greases, Cum positions. Soaps, and Boot-top 

Blacking Compounds, Dressings, Finisties. Glosses, etc.— V„ Dyes and Stain* For Leather 
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PRACTICAL TREATISE ON THE LEATHER IN- 
DUSTRY. By A. M. Villon. A Translation of Villon's 
" Traite Pratique de la Fabrication des cuirs et du Travail des Peaux ". 
By Frank T. Addvman, B,Sc. (Lond), F.I.C., F.C.S. ; and CorrecteJ 
by an Eminent Member of the Trade. 6O0 pp., royal Svo. 1901. 123 
Illustrations. Price 21s. : India and Colonies, 22b. ; Other Countries, 
23s. 6d. ; strictly net. 

Contents. 

Prctuct— Tnuislslor-s Petlmx—Uit of Illustrations. 

Part L, Matertal* und In Tannlnt— Chiptcr I., Skins: l.,fibn and in Siruciun; II, 
Skim used in Tanning; III., VaiHoin Sling and tbeir Uses-Chapter II„ Tannin and Tunina 
Substaom: 1., Tannin; II.. Barks (Oak); III., Barks other than Oak; IV.. Tanning 
Wood*; V„ Tannin-bearing Leaves; VI., Excrcscciicea; VII., Tan-bearing PruiU; VIII, 

C^ntriei^l., Tannin Eitncts; X[I„ EsSmaOMi'orfann^'Bnd Tannin PriiKiplei? "™* 
Part II., Tannlns—Chaeter I., The Installation of a Tinnary: I., Tan Pumasee; II. 
Chioiteys, Boilen. etc; III,, Steam Engines— Chapter 11, Orindingand Trituration at 
Tanning Substances: I,, Cutting up Bark; II, Grinding Bark; lll.,^rhr Orinding of Tin 
Woodai IV, Powdering Pruit, Galls and Grains; V, Notes on the Orinding of Bark— Chap- 
ter III., Manufacture of Sole Leather: I, Soaking; II, Sweating and Unhairing; IlL 
Plumping and Colonring; IV., Handling; V, Tanning; VI, Tanning Ekphanti' Hides; 
VII.,%rving; VIII., Striking or Pinning-ChapUr IV., Manufacture S Diming Leather; 
I, Soaking; II, Depilation; III, New Precesaes lor Ibe DepilaliDn ol Skins; IV, Tanning; 
v., Cow Hides; VI, Horse Hida; VII, Ooat Skins: Hanutactui* at Split Hides— Chap- 
ter V, On Various Methods of Tanning: I, Mechanical Methods; II, Phyaiiail Methods; 
III, Chemical Methods; IV, Tanning vitb Extracts— Chapter VI., duanlity and Quality; 
I, Quantity; II., Net Coat; III., Quality of Leathei^-Chapter VII., Various Manipulations 
of Tanned Leather: 1., Second Tanning; II., Orcaae Stains: III, Bleachir^ Leather; IV, 
Wacerprooang Leather; V., Weighting Tanned Leather; VI, Preservation of Leather^ 
Chapter V11I, Tannliu Various Siuns. 

Part III., Currying— Chapter I., Waxed Calf: I., Preparation; II, Shaving: III, 
Stretching or Slicking: IV.. Oiling the Grain : V, Oiling the PleahSide; VI., Whitening and 
Graining: VII, WsxTng; VIII,, ^Inishinff; IX., Dry Pinishina: X, Finishing in Colour; 
XI., CoBt— Chapter 11,, White Call: 1., Finishing in White-Chapter III., Cow Hide for 
Upper Leathers: I., Black Cow Hide; II., White Cow Hide; III., Cokwred Cow Hide.— 
Chapter IV., Smooth Cou' Hide-Chapter V, Black Leather— Chapter VI.. Miacellaneoua 
Hides: I, Hor«: II.. Goat: III, Waxed Ooat Skin; IV., Matt Goal Skin— Chapter VII., 

Part [V., Enamelled, Hungary and Cbamoy Leather, Moroccn, Parchment, Fun 
and Artificial Luthei^Chapler I., Enamelled Leather: I., Varnish ManuFacture; 11.. 
Application at the Enamel; III.. Enamelling in Colour-Chapter II., Hungary Leather: I, 



V, Tallowing: VI., Hungary Leather from Various I 
paratory Operations: II., Dreiiing; 111, Dyeing Ti 
Chamtw ' — ■— '-'-—-—" " ■ ■>— i:-i — 



___.'Z_ _ ____ _____ 

Dyeing; V, Artiflcial Colours ; VI. Different Methods of Dyeing; VII, Dyeing wit 
Coknrs; VIII, Dyeing with Aniline Cokiurs; IX.. Dyeing witG MeUllic Salts; X 
Printing; XI., Finisbing Morocco; XII., Shagreen; XIII, Bronsed LeaChei^-Ch 
OlldliU and Silvering: I, Gilding; 11, Silvering: HI.. Nickel and Cobalt— Chapter vii. 
Parchment— ChapIV VIII.. Purm and Furriery: I., Preliminary Remarks; 11., Indigenous 
Purs; IIL.Pareiiln Furs from Hot Counlriea; IV. Foreign Kur« fnim Cold Countries; V, 
Furs from Birds^ Skins; VI., Preparation oF Furs: VII, Dressing; VIII.. Colouring: IX, 
Pnpantion of Birds' SUns; X. Pmervation ol Pur«-Chapter I7[, Artiflcial Leather: 1., 
Leather made from Scraps; II., Compreased Leather; III., American Cloth; IV, Papier 
Mlch« ; v., Linoleum : VL. Artiflcial Leather. 

Part v., LaaUiar TMtIng and tb* Tbaory of Tanning— Chapter t.. Testing and Analysis 
of Leather: [., Physical Testing of Tanned Leather; iC, Chemical Analvsis-Chapter II, 
The Theory of Tanning and the other Operations of the Leather and Skin Industry : I., 
Theory of Soaking; if. Theory of Unhairing; III, Theory of Swelling; IV., Theory 

Handling: V. Theory o( Tanning; VL, Theory of ■■-- •-- ' " ■ "-- "■■--■ "■ 

Theory ol Hungary Leather Making; "'" '''- 
■ ^^- "-■ungTX.Theor * ■■ - - 



VIll,, Theo, 

-_ , — . rheory of Mineral Tanning. 

PartVI, U«e«of Leatbai^hapter I, Machine Belts; 1., ManufactuK of Beltlna 



iltlna; II, 
, _ . ..._,...._.. andBhoe- 
raaktng. L, Boots and Shoes: tl„ Laces— Chapter HI, Saddlery: I., Composition of a 
Saddle; II., Construction ot a Saddle— Chapter IV, Harness: I, The Pack Saddle: II,. 
Harness— Chapter V., MiliUry Equinmenl— Chanter VL, Gkive Making— Chapter VII., 
Carriage Building— Chapter Vlll., Mechanical Uses. 

Apcendii. Tbe World's Commerce In Leather— I., Europe; II., America; III, Asia 
IV,Atrica: Australasia-Index. 

Press Opinions. 
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" It eu ttuM be canBdtstly RCanmrniUd to all who nn mora or !••• pmoHainT in 
■-■ io the technnlacy 01 ■ v»y ii — — — ■-' — " ' -' — '— "— ' 






■ very ioBaitAnt tut^tct."—L eintttt Poii. 
An ultogatbcr wlnumbk, pntcticat) clear hik] lucid trwitiac oi 
ificbea of the Af«el leather usduetry, of which it dealt in an ex 

" r. . . . -—SIw fl«d Ualkt 



"- , - Asa work of reference the volume will be , , 

leiaure affords uiHlcicnt apportunity b cartful pcruaal and atudy of it would afford ample 
rmtii."-Kellirmg Guanfu-. 

Books on Pottery, Bricks, 
Tiles, Glass, etc. 

THE MANUAL OF PRACTICAL POTTINO. Revised 
and Enlarged. Third Edition. 200 pp. 1901. Price 17s. 6d.; India 
and Colonies, 18s. 6d. ; Ocher Countries, 20s. : strictly net. 
Contents. 

Intrvduetlon. The Ri» and Pragnts of the Polter'a Art.— Cbapten I.. BodlO. China 
and Porcelain Bodiu, Parian Bodka, Scmi-porizliiin and Vilreom Bodiea, Mortar BodKi, 



Glaies, tJlazEB without I-ead, Mlicfliancoui Glaiei. Coloured Olaiei. Majolica Coloun.~III.. 
Gold and Cold ColOure. Gold, Purple of Csaaiua, Marone and Ruby, Enamel Colound 
Baaei, Enamel Colour FIuih, Enamel Colour*, Mined Enamel Colour*. Antique and Vellum 

fI^w Powdent'oir* and'varniXa.-IV., SlBmna uf Matfaoda.' Reclania%'n%f Wuu 

aod Analyils. ClaaaiBcatinn oF Clay Ware, Lord'piayfair'* Analy*it of Clay*, The Markeu 
of thr World, Time and Scale of Firing, Weight, of Potter-a Material, dnorated Good* 
Count.~Vl.. Comparative Loaa of Weight of Clays.— VII., Ground Felipar Cakulationa.— 
Vlll., The Conversion of Slop Body Recipea into Dry Weight.— IX., Th* Co*t of Prepared 
Earthenware Oay.— X,, Forma and Tablea. Arliclei of Apprenticeahip, Manufacturer'a 
Guide lo Slocktaking, Table of Relative Value* of Potter'. Hateriali, Hourly Wage. TaMa, 
Workman'. Settling Table, Comparative Guide For Earthenware and China Manufactum* ia 
the UK of Slop FTmt and Slop Stone, Foreign Terms applied to Earthenware and China 
Ooodi, Table for the Converaion of Metrical Weights and IVleasureian the Continent of South 

CERAMIC TECHNOLOOY : Being some Aspects of Tech. 

nical Science as Applied to Pottery Manufacture. Edited by Charlbb 
F. BiNNS. too pp. Demy 8vo. 1S97. Price 12s. 6d. ; India and 
Colonies, 13s. 6d. ; Other Countries. 15s. ; strictly net. 
Contents. 



d their Compor 



., The Chemistry of Pottery.— II., Analyaia and Syn- 
— - " " ", Pynjmetry.-Vl„ 



m.—VII., Colour* and CoIoui~making.-'lndea. 

RECIPES FOR FUNT OLASS MAKING. By a British 

Glass .Master and Mixer. Sixty Recipes. Being Leaves from the 
.Mixing Book of several experts in the Flint Glass Trade, containing 
up-to-date recipes and valuable information as to Crystal, Demi-crystal 
and Coloured Glass in its many varieties. It contains the recipes tor 
cheap metal suited to pressing, blowing, etc., as well as the most costly 
crystal and ruby. British manufacturers have kept up the quality of 
this glass from the arrivals of the Venetians to Hun^ Hill, Stour- 
bridge, up to the present time. The book also contains remarks as 
to the result of the metal as it left the pots by the respective metal 
mixers, taken from their own memoranda upon the originals. 1900. 
Price for United Kingdom, 10s. 6d. ; Abroad. 15s. ; United States, M ; 
strictly net. 
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Contents. 

im Coppii^Plint tor u»/Bg with Ihc Ruby for Coating— A 0«n 

iStei^-Sapphi™ Blue— Cr™ophiB— Opill— Turquoiii Blue — G. 

n (common)— Grwn (or Mutaehite-^Blue (or Hnlachite— Bin. 

nwn Cuury Balch— Canary— White Opaque Glan—BeaJint 

- |Cry«tHl Mnd Demi)— Achromalie GIms— Paite G'—^-""''' 

Firestone— Demi Whlie Ifor mooiu)— White AgMte— Genu 

COLOURINQ AND DECORATION OF CERAMIC 

WARE. By Alex. Brongniart. With Notes and Additions 
by Alphokse Salvetat. Translated from the French. 200 pp. 1896, 
Price 7b. 6d. ; India and Colonies, Ss. ; Other Countries, Ss. 6d. ; 

Contents. 

—The Chemiol Prepipalion of VilriRable Colaura— CompMition and Preparation of VilriSable 

Mher Colour*— Compcwltion and Preparation of Flmes— Muffle Coloura— Recipei for Coloure 
-Use o( MelBl.— Lustre.— Preparation and Application of Colours— Composition of Colourwl 

flable Coloura— Gilding— Burn iHh in g— Printing— Enlarging and Reducing Gehitine Prints— 
Muffle Kilns for VitriHable Coloura— Influence of the Material on the Coloui^-Changea Re- 
eulting from the Action! of the Pin— Alterations ResultiDB from the Colours— Alterations in 
Pirina. 

HOW TO ANALYSE CLAY. Practical Methods for Prac- 
tical Men. By Holden M. Ashbv, Professor of Organic Chemistry, 
Harvey Medical College, U.S.A. Twenty Illtj strati ons. 1898. Price 
2b. 6d. ; Abroad, 3s. ; strictly net. 

Contentia 

List of Apparatus— List of Atomic Weights— Use oF Balance, and Burette, Sand Bath, and 
Water Bath— DeMicaloi^Dryi tig Oven— Pi lie ring— Pusion-Determinationof Water, Organio 
Hatter. Iron, CahUum. Alkalies, Limestoiie, Smca, Alumina. Magnesium etc— Meehanical 
Analysis— Rational Analysis— Standard Solutions— Volumetric Analyus— Standards foifClay 
Aaalyijs— Sam pli ng. 

ARCHITECTURAL POTTERY. Bricks, Tiles, Pipes, Ena- 
melled Terra-cottas, Ordinary and Incrusted Qtuirries, Stoneware 
Mosaics, Faiences and Architectural Stoneware. By Leon LBpftvftB. 
With Five Plates. 950Illu3trationsintheText,andDumeroasestimates. 
600 pp., royal 8vo. 1900. Translated from the French by K. H. Bird, 
M.A., and W. Moore Bikns. Price ISs. ; India and Colonies, 16b.; 
Other Countries. 17s. 6d. ; strictly net. 
Contents. 

Parti. Plalll UndMorattdPotltlT.— Chapter I., Clays: S t, Classification, General Geo- 
lulcal Remark*,— ClasiiHcation. Origin, Locality : ; 2, Oeneral Properties and Composition ; 
PEystcal Properties. Contraetion, Analysis, Influence of Various Substances on the Properties 
ofClays; )3.Wor1>ingofClay-P>ts— I. Open Pits: Extraction. Transport.Cost— II. Undet^ 

Cleaning, Crushing and Pulverising— Crushing Cylinders and Mills, Pounding Machines- 
Damping: Damping Mar-- ■— "— T--- ->.-— — i— "- ^— - " -. <.— n- "m. 

Rolling Cylinders— Parti , ., 

— (I) Hand and Machine Moulding.— I. Machines Working 1^ Compression : on Soft Clay, on 
Semi-PirmClay,onFimiClay,onDryClsy.— II. Eiprenion Machioes ; with Cylindrical Pro- 

SUers, with Screw Propellen— Dies— Cutting-tables— Particulars of the Above Maehmes— 
maral Remarks on the Choice ol Machines— Types of Instaltitioni—BsllnialeB— Plenishing, 
to Air, Without Shelter, and 
n Tunnels, in Oalleries— De- 
Ulled tjtrmates ol tne various urying-rooma, i;ompariacm of Prices— Transport from 
the Machines to the Drying-rooms, Barrovis, Truck*. Plain or with Shelves, Lifts— {3) Firing 
—I. In Clamps— II, In Intermittent Kilns. /(.Open; a. using Wood; b Coal; ft", in Clamps ; 
b". Plame— n, CloHd : c, Direct Flame; c'. Rectangnlar; (".Round; d, Reverberatory— ni. 
Continuous Kilns: C, with Solid Puel: Round Kiln, Rectanguhir Kiln, Cbimneya (Plans and 
Estimates)— C, With Oat Fuel, Fillard Kiln (Plans and Estimates}, Schiwider Kiln (Plans and 

DH^tion, and Quality of'sricln— Hollnr'si^ks, DirnMuans and Pri^^F B^^ Va^'C^ 
Shapes, Qualities— Vanous Hollow Bricks, Dinnurians, 
—History— A*ia, Africa, America, Europe ; Greek, Romi 

B^ud, Be£ura, Spain, Holland, Pniux.'Ameriiti.—VttofB^n^t^^^iat'pm 



,,Goo^^k' 



faau. firm IIUM, Hum fute— Preparation or ths Hlaba, rnnitannBtion inlo Mat Til«.>nto 
Jointed TikB— Screw, Cam and Revolver PmHS— ParticuUn of Til«-preaBe>— 12> Drying— 
pianchettea, Shelvn, Dryino-barrowi and Tniclie-HS) Pi ring— Divided Kiliu— Installation of 
Mechanical Tilevi-orts-^Btinieteg; 1 3, Shapei, Dimengioiis and Uses of the Principal Types 
of Tile— Ancient Tiles: Plat, Round, Raman, PIemieh->Modern Tilea— With Vertioal Inter- 
rupted Join: Gilardoni'a, Hartin'a; Hooked, Boulet'l Villa; with Vertical Continuous Join; 
Muller's. Alsace, Pantile— Porelgn Tilee—Spedal Tllee^Ridge Tile*. Cooing Titet, Border 
Tllee, Prontona, Gutters. AnteBiea, Hembron, Angulai^RooBng Acoeasoriea: Chimney-pota, 
Mitrons, Lanterns, Chimnw^^-Ouslitiea oT Tilee;-%lacli Tilea— Btonewsre Tiles- Partlculart 

Mach'inei, VertiearMschinaTworlied b/nand^'l Sleam^Partitulam of'"s™ Haohrne. 
—Drying— Firing— II. Chimney Fluea— Ventiducts and" BoiBBeaui,""WagBona"— Particulars 
o! these Products. Chapter VI., Quarriea : I. Plain Quarriea at OrdinaryCIay : 2. oT Cleaned 

Clay— Machi -^ --- - —- - - ^ - • ■ - ^ - - . « ^ .. . . 

Quarnes. C 

Columns, Pil , __, , ._, .^ 

-Appendix : OIBcial Methods of Teeting Terra-cattaa. 

Part II. Made-np or Daeorattd Pottery.— Chapter 1., General Remarks on the Deco- 
ration of Pottaiy: Dips— Olaaa: Compoaition. Colnuring. Preparation, Harmony with 
Pastes — Special Prooefifiea of Decontion — Enamels. Opaque. Tranaparent, Colours, Under^ 
^,___ ^ .___ -..L_|. pi-ojegjj, . Crackling, Mottled, Flashing, Metallic ■-' 



Luatrei. Chapter II., lazed and Enamelled Bricks— History ; Olazina— Bnamellliui— Aeslt 
- - Stoneware.^EhamelM 



. . nary Snamellef 

Tiles. Chapter 111.. Decon 

Stoneware: A, Pired to S«. , .. „ ..„ 

Applicatians— ii. Plain or IncruBled Stoneware; a, of Special Clay ($t< 

tacture— Applicatioo— i, of Felspar Base— Colouring, Manufacture, Moulding, Drying Firing 



of Slag Bsie— AMilicB 

, .r o — :_i ^,_.. .o..i.^-..T — ^t)— Hanu- 



'ated with Dip^-^ 
of Melting Clay— 

ing, Dryinfc 
Paste— fi, of Si 



_, ,— . . . ..-ing— 2, of'olaMd Slonenare— 3, of 

Applications of Pacing Quarries.— 111. Stove Quarries— Preparation of the PastEa, Moulding, 

tectural Decorated Pottery: t 1, t^iiences; | 1, Stoneware; i 3, Poroelain. Chapter V., 
Sanitary Pottery: Stoneware Pipes : Manufacture. Firing— Applications— Sinks— Applications 
—Urinals, Seats and Pans— Applications— DHnhing-t^ntaina, Washalands,- Indet, 

A TREATISE ON THE CERAMIC INDtTSTRIES. A 

Complete Manual for Pottery, Tile and Brick Works. By Bhii.b 
BouBRV, Ine^nieur des Arts et Manufactures. Translated from the 
French by Wilton P. Rix, Examiner in Pottery and Porcelain to the 
City and Guilds of London Technical Institute, Pottery Instructor to 
the Hanley School Board. Royal 8vo. 1901. Over 700 pp. Price 
218.; India and Colonies, 22b. ; Other Countries, Z3s. 6d. ; strictly net. 
Contents. 

Part 1., Oeitaral Pottery Motbods. Chapters I., Definition and Hiatory, DeOnitioos 
and Clas«aoatlan of Ceramic Pn>doct»-HialaHc Summai? of the Ceramic Art.— II- Raw 
Material! of Bodies. Clays: PureClayand Natural Claya— Various Raw Materials: Analoaou* 
lo Clay— AMlomeratiye and Agglutinative— Chlel.ing—Pu«ible— Refractory— Trials of Raw 

Diaaggregation^Puriflcation-Prepa ration of Bodies : By Plastic Method- By Di 
By ETq^d Method.— IV., Formatioo. Proceaaes of Porr ■ — " ' 

Heating— By Ventilation- By Absorption.— VI., Glai 

Materials— Manuhctuiv and Application.- "' ' 

during Firiiu— Description of the Kilns—' 
Matenala — Proceaaes of Decoration. 

Part IL, SpMial Pottery Method*. Chapti 
Plain Ordinary, Hollow, Ornamental, VitriHed. and Li 
Paving Tiles— Pit '" 







idBaaic 

Goods.— XL, Faiences. Vamishi 

clay Faiences-Pebhie Wort— FeMspathio Fain. 

and Oeneral Arrangements of Faience Potteries. 

called: Paving Tifes— Pipes— Sanitary Ware— I. 

Produclioiis— Architectural Stonevrare— Vaaea, Statues ar 

Stoneware.— XI II., Porcelain, Hard Porcelain forTable 1 

for Electrical Conduits, lor Mechanical Purposes; Architecni 

Porcelain— Soft Phoaphated or English Porcelain- Soft Vitn 

Sivres- Argillaceous Soft or Seger's Porcelain—Dull Soft or Parian Porcelain— DuU Fdds- 

pathic Soft Porcelaio.— IndOK. 
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THE ART OF RIVBTINa GLASS, CHINA AHI> 

EABTHSNWARB. By J. Howarth. Second Edition. 
1900. Price Is. net ; by post, home or abroad, Is. Id. 
Contents. 

Tools «nd HuterialB Required— Wire Used for Riveta— Soldering Solution— Prepuriltioo 

Make— To>iiMllieRiv«.—Th™igh-"nT-thn>ugrRivE»-Sol™iH^g— Tinning* S*^ 
—Perforated Plates. Hindlei. etc— HjuiiIIb of Eweri, etc— Vim und tfompoRs— lilarbl* 
■nd Alabaster Ware— Dnwrating- How to Loosen Fast Decanter Stoppers— China Cements. 

NOTES ON POTTERY CLATS. Thtir Distribution, Pro- 

perticB, Uses and Analyses o! Ball Clays. China Clnys and China 

Stone. By Jas. Pairie,.RG.S. 1901. 132 pp. Crown 8va. Price 

3s. 6d. ; India and Colonies, 4s. ; Other Countries, 4s. 6d. ; strictly net. 

Contents. 

Deflnitiona—Oieurreo™— Brick Clays— Fire Clays— Analyses of Fire Clays,- Ball Clan— 
Propeniet— Analyses— Occurrence— Pipe Clay— Black Clay— Bniwn Clay— Blue Clsy-^oi^ 
■etskire and Devonshire Clays.— Clllns Clay or KaoUn—OHurrence— Chinese KaoNn— Cornish 
Clays— HensbarTavr Oranile— Propenies. Analyse* and Composition of China Clays— 
Method d( Obtaining China :;.iay— BiperinHils with Chinese Kaolin— Analyses of Chinese 
and Japanese Clays and Bodiei^Irish Clays.— ChlncM Stone— Compositkin— Occumnu— 
AnalyKis.- Index. 

PAINTINQ ON GLASS AND PORCELAIN AND 
ENAMEL PAINTING. A Complete Introduction to the 
Preparation of all the Colours and Fluxes used for Painting on Porce- 
lain, Enamel, Faience and Stoneware, the Coloured Pastes and Col- 
oured Glasses, together with a Minute Description of the Firing of 
Colours and Enamels. On the Basis of Personal Practical Experience 
of the Condition of the Art up to Date. By Felm HebhaNV. Technical 
Chemist. With Eighteen Illustrations. 300 pp. Translated from the 
German second and enlarged Edition. 1897. Price lOs. 6d. ; India 
and Colonies, lis.; Other Countries, 12b. ; strictly net. 
Contents. 

History of Glass Painting.— Chapters I,, The Articles to be Painted : Olass, Porcelain, 
Enamel, Stoneware, Faience.— II., Pigments: 1. Meullic Pigments : AntinHHiy Oside, Naples 
Yellow, BaHum Chromate. Lead Chniinale, Silver Chloride, Chromic Oaide.— III., Fluxes: 
Pluxca, Felapar, Quartx, Puri^ing Quartz. Sedimentation, Quenchjag, Borax, Borade AoM, 
Potassium and Sodium Carbonates. Hocaille Plui.— IV., Preparation of the Colour* for Olas* 
Paisting.- v.. The Colour Pastes.— VI, The Coloured Olasse*.— VII.. Compoeltian of the 
Porcelain Colouia.- VIll., The Enamel Colour*: Enamels for Artistic Work.— IX, HetalUe 
Ornamentation : Porcelain Gilding, Olass Gilding.- X, Firing the Colour*: 1. Remark* on 
Firina : Firing Colour* on Glass, ifirinB Cotour* on Pomlain : 2. The Muffle.— XI, Accidwit* 
occasionally Supervening during the l>n>cess of Finng.— XII., Remarks OS the DidCrent 
Methods (^ Painting on OlasB, Poroelain, etc— Appendix : Cleaning Old Glass Paintiag*. 



Press Opinions, 

; employed upon high-claas work."— 



especially those employed upon high^lass work."— 5ld0brilsA 



uible wort and i 
7 page form a very valuable leature.-^£Wld*«JoB™al. ^ nltioo of 

book as this should be of permanent value."— £)aiJyCAnmul(. 

A TREATISE ON THE ART OF OLASS PAINTINO. 

Prebced with a Review of Ancient Glass. By Ernest R. Suppling. 
With One Coloured Plate and Thirty-seven Illustrations. Demy 8vo. 
140 pp. 1902. Price 7s. 6d. ; India and Colonies, 8s. ; Other Countries, 

8s. 6d. net. 

Contents. 

Cbsptei* I., A Short History of Stained Glass.- 11.. Designing Scale Drawings.- Ill, Cat^ 
toon* and the Cut Line.— IV., Various Kinds of Glass Cutting for Windows^V, The Colour* 
and Bruahea used in Glass Painting^-VI., Painting on Glass. Dispersad PaRcms.- VII., 
Diapered Pattens— Adding— Firing^-VI 1 1, Fret Lead Glai jog.— Index. 
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A B«iMiift of 
THE HI8T0RT OF THE STAFFORDSHIRI! POTTER- 
IES ; AND THE RISK AND PROGRESS OF THE 
MANUFACTURE OF POTTERY AND PORCELAIN. 

With ReferenceB to Genuine Specimens, and Notices of Eminent Pot- 
ters. By ScHHOH Shaw. (Originally Published in 1829.) 265 pp. 
1900. Demy 8vo. Price 7b. 6d. ; India and Colonies, 8s. ; Other 
Countries, 8s. 6d. ; strictly net. 

Contents. 

nUmlatry' R«bw1u.— II. Tli* Pottwlia, oonpHting Tuaiull. 

Mnd New FJcId, Oa]d« Hill. Lltebrook, Gmn Luic, Bunlem. Laaa- 

t Lane and Cobridge. Hanley and Shelton, Blniria, Slake, Penkhull, 

_, . aley. Lane End.— IIU Om the OrlCla Ol til* Art and iB Practice 

cu4y Nal>o«.— IV„ IVIuBlBCtiire <tt PetUry, poor to 1700.— V„ The latTMlaC' 

id PorCdSla by Mcnn. Blen, al Bndwcll.lflM).— VU PrOtTSW Of tb* Mbbu- 

im 17D0 to Mr. WedswDod'a comnHnccnient in ITSO.- VII. iBtmtuctloB «f Rnk 

" .-Mr. WedawODd'a Queen "" 

...J. Printing^Vlir, Inl 

I^tuatie,>nd Patent.— Sold to Mr. Champion— neoU to the New Halt Con.— RiteiukHKJ 
Term.— IX_ EtlD* PrlMsd Pottery. Mr. Turner, Mr. Bjndc (1), IHr. Biddeley, Mr. Snode 

,n> u .-. .._ ...—J, Mf. \vi|K,o, Mr. Minion.— Great Change in Pattern! ol Blue 

" Liutre PottBty. Imppovet 
PreaB Opinions. 

A BeiBsue of 
THE CHEMISTRY OF THE SEVERAL NATURAL 
AND ARTIFICIAL HETEROGENEOUS COM- 
POUNDS USED IN MANUFACTURING POR- 
CELAIN. GLASS AND POTTERY. By Simeon Shaw. 
(Originally published in 1837.) 750 pp. 1900. Royal Svo. Price Us. ; 
India and Colonies, 15b. ; Other Countries. 16a. 6d. ; strictly net. 
Contents. 
PART I., ANALYSES AND MATERIALS— Chapten I., IMnMBCtlOBi Laboratory and 
Apparatus; EleoMlltBr Combinative Polenciee, Manipulative Prooeuea for Analyaig and 
Reagenti, Pulveriaaiion, Blow-pipe AnalyaiB, Humid Analyua. Preaaratory Manipdlatiom, 
Oeneral Analytio Proceaaea, Camnound* SoJuMe in Water, Compounda Soluble only in Adda, 
Corapoundi (Mixed} Soluble in water, Compounda (Mixed) Soluble in Acids, Compounds 
(Miaed) laaaluble, Particular Analytic Prciceuea.—I U Temperature : Coal. Steam Heat for 
Printen- Stoves.- 1 1 1., Adda end Alkallea: Boracic AciiT Muriatic Acid, Nitric Acid, Sul- 

aunc Acid, PcKaah, Soda, Lilhia, Calculation of Chemical Separation*.- IV., The Barthe : 
limine, Qays. Silica. Flint. Lime, Plaster of Parii, Magnesia. Barytea, Felspar, GraiKn (or 
China Stone), China Clay, Chert.— V., Nletale ; ReciprocarCombinative Potencies of the Metala, 
Antimony, Arsenic, Chromium, Oreen Oxide, Cobalt, Chromic Acid, Humid Separation of 
Nickel from Cobalt, Arsenite of Cobalt, Copper, Oald. Iron, Lead, Manganeae, Platinum. Silver, 
Tin, Zinc. 

PART II.. SYNTHESIS AND COMPOUNDS.— Chapters I.. Sketch of the Origin and 
Progress of the Art.— II., Science of Mlxfnr ; Scientiflc Principles oF the ManuFacture, Com- 
binative Potenctes of the Earths.— 111., BodTee : Porcelain— Hard, PorceUin— Fritted Bodies, 
Porcelain— Haw Bodies, Porcelain— Soft, Frilled Bodies, Raw Bodies, Stone Bodies, Ironstone, 
Dry Bodies, Chemical Utensils, Fritted Jasper. Fritted Pearl, Fritted Drab, Raw Chemical 
Utensils, Raw Stone, Raw Jasper, Raw Pearl, Raw Mortar, Raw l>rab. Raw Brown, Raw Fawn, 
Raw Cane, Raw Red Porous, Raw E^ptian, Earthenware, Queen's Ware, Cream Colour, Bine 
and Fancy Printed, Dipped and Mo^, Chalky, Rings, Stilts, etc.— IV. Qlaiee : Porcelain- 
H=_f D.I..— I D™o,|aii»— Soft Fritted, Porcelain— Soft Raw, Cream Colour Porcelain, Blue 
, Fritted Olaees. Anal; ■ •- - ■ - — 

imenidrArtiflcis 

(road Glass, Bottle mass, t'nospaonc uiass, ontisn &reei uia' 

Ina^avina tm (^Ibu Tip. Parmiiav"* RvcwpiFnentn V_ t:alnu^,, ^^,^ 

Id, Can 
CHARACTERISTICS OF CHEMICAL SUB- 



«1 Glass, Olase-Staini. 

"ita™, Fluxi 
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PreM Opinions. 

. . . BxUeat biMorical (ketch of the orig[n i 

which (howi the iotiint* lawwledge of clusloi] u well us (tl 

. 1 i... ti„ jjte i>r_ Shaw."— GIflJ(Oie Htrald. 

r sketch of the orrflin aod progrees of pottfi 
I of mining [e A prDblem of giut iRiportanu 



id progreu of the art of pottery 



tlve. The 



Scott, Greenwood & Co. ire doing their beet to place before the pottery tradce 
good bookft, and their ipirited enterpriK IB worthy of e 
;hnic«l JitrrKturv bearing upon tbe radical Bide of pr*-'--- 



■f potting goes witHmil saying' 
republishing it,— S(a#Driij*ir( 



Paper Making. 



THE DYEINa OF PAPER PULP. A Practical Treatise for 

the use of Papermakers. Paperstainer's, Students and others. By 

JuLma Ehfubt, Manager of a Paper Mill. Translated into English 

and Edited with Additions by Julius Hl-bneb, F.C.S,, Leciurer on 

Papermaklng at the Manchester Municipal Technical School. With 

Illustrations and 15T pBtternBtof pftpOT dyed In the pulp. Royal 

8vo, 180 pp. 1901. Price ISs. ; India and Colonies, 16b.; Other 

Countries, 20s. ; strictly net. Limited edition. 

Contents. 

1., Bthavlour of the Paper Fibres durint tho Procou ol Dyeing. Tbeory of lb* 

Mordant.— II., Colour Fixing Mediums (Mordants).-)]]., Influence of f^- " -'"— - 

the Water Used.— IV., Inonnnic Colours.— v., Orianic Colour*.—' 

Application of the Coal Tar Colours according to their Propr— 

Behaviour towani* tbe Dincrent Paper Fibres.— VH., Dyed Patterns 

Mixtures.— Uyeln I to Shado.— Indey. 

Preae Opinion*. 



I all— twelve of wliic 



Enamelling on Metal. 

ENAMELS AND ENAMELLING. An Introduction to the 

Preparation and Application of all Kinds of Enamels for Technical and 
Artistic Purposes. For Enamel Makers, Workers in Gold and Silver, 
and Manufacturers of Objects of Art. By Paul Randau, Translated 
from the German. With Sixteen Illustrations. 180 pp. 1900. Price 
lOfi. 6d. ; India and Colonies, lis. ; Other Countries, 12s. ; strictly net. 
contents. 
I., InCnductioB.— II., Composition and Properties of Glass.- III., Raw HateriaU for the 

mcnts.— VII., Dec^r?sm7 Agenls.— vlin' Testing the Raw juienals witb''the Blow-^pe 

Mixing the'Maleria]s!!^X!^*The'^Pi*T»ra'iTm'^orTKhni^rE'namerH. The" EnameTsiass.-^ 

potiir«.n oVEnamerMaraes.— ^Vl!, Comi»sili'n''of Masses^for "Ground Enamels.— XVII, 
Composition of Cover Enamela.— XVIII., Preparing the Articlea for Enamelliiig.- XIX, 
Applying the Enamel.-XX, Fifing the Ground Enamel.-XXl., Applying and FTring the 
Cover gnamel or Gbue.- XXII., Repairing Drfecta in Enamelled Ware.— XXlII., Enamelling 
Articles of Sheet Metal.— XXIV.. Decorating iinamelled Ware.— XXV., Specialities in Ena- 
o^ling.- XXVI., Dial-plate Enamelling— X J! VM., Enan»lB for Anistic PurpoMB, Recipee 
(or Enamels of Various Colo - ' - ' 

"Should prove of great ■ 
anBjnel]Jng."~-/AKUc» anil 

worth double its cosL"— J. 1! 
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THE ART OF ENAMELLINa ON METAL. By W. 
NORHAN Brown. Twenty>cight Illustrations. Crown 6vo. 60 pp. 
1900. Price 2b. 6d. ; Abroad. 38. : ttrictly net. 
Contents. 

Chiucn I., Hillary— ClaiionnA—Chinipm LcvA— Tninilucenl EaaiMl— Surface PainMit 
■ "" ~ • for Firing,— IV., Th* CoHKT Sua or PlMe- 

.V. Rninula— TriFumlinn— Winhina — Cnalinu . . _.. w.. 



Books on Textile and Dyeing 
Subjects. 

THE TECHNICAL TESTING OF YARNS AND TEX- 
TILE FABRICS. With Reference to Oflicial Specifica- 
tions. Translated from the German of Dr. J. Herzfeld. Second 

Edition. Sixty-nine Illustrations. 200 pp. Demy 6vo. 1902. Price 
10s. 6d. ; India and Colonies, I Is. ; Other Countries. 12s. ; strictly net. 
Contents. 

Yarn Teitlnt. III.. Dctcmlnlns t>i» Vam Number.— IV.. Teatlne tbe Lcnftb ot 
/mm.— v., Elimination s( tbe Extamil Appurance of Yam.— VI., Dctermlnlac tba 
TwIitorVamandTwKt.— VII.. Determloatlanof TnuUeStrMittb and ElaaHdty.— 

VIII., Ertlmatlni tbe Pe * ' ■'— '- " '" '■— '—• ' ■ ■■ ■ 

(Conditicmi ng) .— ApfMndli 



.. --, . — -- , .„UaB tbe L 

YamL— v., Elimination si tbe External Appearance of Yam.— VI., DctMWli 

--■-- -'■'imandTwIrt.- VII.. Determloatlon of Tendle StrMittb and Elai 

natlni tlH Penentice ol Fat In Yam.- IX., Determination of Moisture 

Press Opinions. 

" It would be well If our Englimh inanufacturen would avail ihenKlvo of tii'n impoilant 
addition to the uteDiive liit of German publicationi which, by the iprud of technical infoi^ 

■' Tbii is probably tbe moat cibauMive book published in English on the •ubita."—TiilsU 

■A careful iludy of tbii hook enables one to say wilh certainty that it is a atandard work on 
the subject."— Gin igniD Htrald. 

" - - . Pot the first time all the data relating to both physical and chemical teats as used 
throughout the whole of the teictile industry, so that not only the commercial and textile 

DECORATIVE AND FANCY TEXTILE FABRICS. 

With Designs and Illustrations. By R. T. Lord. A Valuable Book for 
Manufacturers and Designers of Carpets, Damask, Dress and all Textile 
Fabrics. 200pp. 1896. DemySvo, 132Designaand Illustrations. Price 
7s. 6d. ; India and Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 
Contents. 

ChiUjters I., A Few Hints on Designing Omamfntal Textile Fahncs,- II., A Few Hints on 
Designing Ornameotal Textile Fabnc»_leonlinued).— II]., A Few Hints «i Daigning"— - 



., Scarf sniis' 



VII., Brussels and Wil'ton Carpeti Vlfl.. Tapestry Carpets.- I'x., Ingrain Carpets.— X., 

Aiminster Carpets.- XI., Damaak and Tapestry Fabrics.- y" ■"-- -■ '■^' ' "■.-^- — 

XIII., Silk Handken:h,eFs.-XIV., Dress FabricL-XV., Mam 
—XVII., Bed Quilts.— XVIII., Calico Printing. 

Press Opinions. 

"Those engaged in the designing of dress, mantle tapesti 

teatiles will And this volume a useful work of reference."- L< 

"To be commended as a model manual."— tluniicf ^iivi><u 

Koltingkam Duly Guardian. 
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POWER-LOOM WEAVING AND YABN NUMBERING, 

According to Various Systems, with Conversion Tables. An Auxiliary 
and Text-book for Pupils of Weaving Schools, as well as for Self- 
Instruction and For General Use by those engaged in the Weaving 
Industry. Translated from the German of Anthon GrUner. Wtth 

'nmnty-Bli Dtasnuns In Colours. 150 pp. 1900. Crown 8vo, Price 
78. 6d. ; India and Colonies, 8s. ; Other Countries, 8a. 6d. ; strictly net. 
Contents. 

I., Pawer-Loom Wcavlns In araetal. Vanoui Syiienu of Laomt.— 11., MMUitlns 
■dd Starting th> Power- Loom. English Laoni>.—Tappri or Tnadle Looma.—Dobbies.— 
111.. aHWrarKenurkson tlm Nnmbaniifl', RecUnraad PacklncofVun.— Appendix.— 
Unful llfnU. CslculiKing Warpa.— Well Cijculatkini.— Calculation* of Co» Pri« m Hank*. 

Press Opinions. 

" A kidg-r«]l nam in the neavinR in6auty."—Bilfasl Evming Telegraph. 

■'" Ijard Daily TtUgiapk, 

■od where y«mfl of dil^nnt nuten^s an 

"The author anempCB tn fill a gap in weaviiu literature cauied by the neglect of many 
objure points connected with the induMry.'"— C*«*iK County News. 

before' the raatrin luch a cl!^*maiin« that i"*^ be ui'i?y*u'iuieralo^."-^(il>I< Itidi'SiHi. 

" The gmaUeat delails of loom-aetting are entered into, and a full cvplanatiofi of pFoblvnu, 

which are a source of anxiety to tnany engaged in overlooking, is given- Sludenta will Rnd 

THE CHEMICAL TECHNOLOGY OP TEXTILE 
FIBRES: Their Origin, Structure, Preparation, Washing, 
Bleaching. Dyeing, Printing and Dressing, By Dr. Geobc yoN 
Georgibvics. Translated from the German by CHARLES Salter. 
320 pp. Forty-seven Illustrations. Royal 8vo. 1902. Price 10s. 6d. ; 
India and Colonies, lis. ; Other Countries, 12s. net. 
Contents. 

Chapten I., The Teitlle Rbres.— Artiflcial Fibrw— Mineral Pibm—V^etable Pibrea— 
CclhihKC— Cotton- BombaiCotton—VegetableSilk—Flai^Heinp— Jute— Ramie. Rhea, China 

" " " -A Wool— Artificial Wool (Wool Substitute*)— 



I.. Wuhliu, Bkachlog, Cvbonlllng.- WashingandBleaching{DeAi 
nt>— C«ton Bkaching— Linen Bleaching— Jute Bfeachinif- "- - "'- 
ing— Scouring and Bleaching Silk— Washin; and Bleaching 
Carbonitlng.- III.. MoTdant* and MoTdantlag.- Mord 

^— ng Silk— Mordanting Cotton— Alumina Mordants— Iron I 

Mordants— Tin Mordants— Copper and other Mordanla— The Fixing J^ents IA< 



—Ramie teaching— Scouring and Bleaching Silk— Washing and Bleaching Wool- 
White Dyeiiig--<^rb<initlng.— III.. MoTdant* and Mordanting.- Mordants : Mordanti 



DyeingtoPaltenr— <2|Tbeaiya(Dyeiiu{— 73)C1aBsiHcationo( Dye StufFi: Methods of Dyeing 
Appllcatian of Acid Dye Stulh— Application of Basic Dye Stulh— Applkstion of Direct or 
Substantive Cotton Dyes— Application of the Monlant Dyo: I^na v>jth Cochineal— Black 
le Dyeings with Logwood on \yool— Turkey-Red Dyeing— Dyem^withCi 



Dyeing Cotton with Logwood — Application of tbe Vat Dwis — Application of tbe Developing 
I^ea— (4) Dyeing on a ManutacCuring Scale : Selection of Dye Stuffs for Dyeing— Silk Dyeing 
—Wool Dyeing-^Cotton Dyeing— Dyeing Mixed Fabrics— (S) Sample Dyeinga. Colorimelric 
Dctcmiinalioiis. Reactions of I^ Stuflf on the Fibre. Tests for f'aMness— V., PrlaUng.— 



it I^ Stufli DO the Fi 
ne Prese— The Cylinder 



|: {]) Reproduction 



of Pattern by Direct Printing : TliHrkening Agents— BmpkiynienI of Mordant Dye Stuffy 

Albuinin. Direct, Developing. Vat, Acid — Treatment of tbe Goods when Printed— (2) C(mibine< 
Printing and Dyeing—^) Dncharge Style Printing : Diichargiiig the Mordant— Discbarginf 
Antimony l^nnate— Discharging the Finished Dye— Turkey-Red Discharge Style— (4) Reeervi 
Style PrinlingHS) Topping Priiting-Wool Pnnling-Silk Printing- Pnnting Yams, Warps 
■md Combed ^liver.-Vl.. Dreulnr and Rnlahlng. —Dressing and Pinishiliie— Subatancei 
used in Finishing: (]| Starch. Gum, clc.-~<I| Patty Substancea— (3) H^roscopic Materiils- 
<t) Loading Ingredients -(5) Colouring for tbe Dressing Preparations— <e) MeUls or theil 
Sulphites— (J) Waterproofing- (B| Fiieproofing- (9) Anliaeptica for Prevention of MouM- 
Applicalion of Dressings— Dicing— Stretching— Finishing : Shearing, Damping, Calendering 
Beetling, Moir< or Watered Bffccta, Stamping— Finishing Woollens Index. 
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COLOUR: A HANDBOOK OP THE THEORY OF 
COLOUR. By George H. Hurst, F.C.S. mth Ten 
Colourwl PtatManil Seventy-two Illustrations. 160 pp. Demy Svo. 
1900. Price 7s. 6d. ; India and Colonies. 8s. ; Other Countries, 8s. 6d. ; 
strictly net. 

Contents. 
■^ipten I., Coloor ud Iti Production. Li Rht, Colour, Diip<nion of While L^. 



Spectrum. Wave Motion of Light. Recompoailion of White Liahl, Hue, Luminoain. Purity 
of Coloun. The PoJaTiBcope, PhoflphorcKiencc, Pluorencencv, Tntcrfemicc. — I]., Csnta M 
Colour hi Colonrad Bodlei. Tranimitteil Colour*. Abwirplian Spectra of CokKirinfi 
Matten,— 111.. Colour PbenonMU and TbtorlK. Mixint; Coloun, Wt ' ■ - " - 
Coloured Lishti, Effect of Coloured Light on Coloun, CooiplnnentirT C 
Htlmtiolti ■nwonr, Brtwrter Theory, Supplement^r]' Colour*, HuxweLI'e ' 
Pbotography.— IV.. The Pliyiloloty at LiEBt. Stmclurc of the Eye. Peniit 
SuhJKtive Colour Phenomeiu, Colour Blindncit.— V., Coatrut. Contraa 



iten,— 111.. Colour PbenonMU and TboorlK. Mixint; Coloun, White Ugbt Fmoi 
Coloured Lighti, Effect of Coloured Light on Coloun, Cooiplnnentiry Coloun, Young- 

„_._.._,._ .* „ .__ ».. „..__. _.. --.-„f^ Hiixwll'* Theory, Colour 

f tlic Eye, Pervistence of Vitim, 

Hive Contnut, Cootr _. .. 

by Contrast, Colour Contrut in Decoralive Deiign.— VI., Colour In Decoration and 
DMlgn. Colour Harmoniei, Colour EquivalenlB. Illuminalian and Colour, Colour and 
TeatHa Fahrlci, Surface Structure and Colour.— VII., MewureBHnt of Colour. Colour 
Patch Method. The Tintometer. Chromometer. 

I press Opinion*. 

"Thi> uhFuI little book poueuea consi<terabie mteit.-— Birmingham Post. 

nlaer*. to whom we conRdenlly recommend it:—Clumicai Tradt Journal. 

" It is thoroughly practical, and gives in limple Language the why and vhercf ore of the many 
colour phenomena which perf^K the dyer and the co&unat." — Dyir and Caiico Ptinttr, 

TEXTILE RAW MATERIALS AND THEIR CON- 
VERSION INTO YARNS. (The Study of the Raw 

Materials and Che Teclinolugy of Clie Spinning Process.) Text-book for 
Textile, Trade and Higher Technical Schools. By Julius Zipser. 
Translated from German by Charles Salter. 302 Illustrations. 
480 pp. Demy Svo. 1901. Price lOs. 6d. ; India and Colonies, lis.; 
Other Countries, 12s. ; strictly net. 

Contents. 




OBNBRAL REVIEW OF THE VARIOUS BRANCHES OP 
THE SPINNING PROCESS. 

UP 1. Spihnino Veoetablb Raw MATiRiALa. Cotlon Spinning— Preparatory 
»—Hi.ing— Opening and Cleaning— Carding— Comhing—Dramng and Doubling— 
-Roving Prsmea producing a Permanent Twiit^Machinea producing Temporary TwiR 
pinning— The Throstleor Water Frame— The Mule Frames-Supplementary Tttatnient: 
I — Finishing Processes producini^ no change in the Character of the Vam— Converting 

umidiSers— Spmning Waste Colloi 
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—Carding— Sliibtrii«—PlM Spinniiu— Supplamentiry and Ftniahing Operationa— Flai Spin- 
ning— PrcparatDiy Treatment— OiDiBK—Doubling Knd Drawing— RoviBg—'Hie Raving Fi-am* 
— Pliw Sfnnning- SuppIemenUn Trellinent— C^raCion* leaving the Vam unchanged— Opera- 
lioaa tor produciDg New Combinations of Threadi- Pacliing- Tow Spinning— Prepannory 
TrtatmeBt- Roving— Fine Spinning— Hemp Spinning— Spinning Hacliled or Line Hemp— 
Sniming Hemp Tow Siring— Jute Spinning— Spinning Jute Line Yam- Spinning Jute Tow 
Yarn*— Supplementary Treitmmt— Ilie Produaion olTMiud Vain^-UliliHing Jule Waate. 
PART lll.-8ptiiiiliw Aalnul Raw Materials. 
Spinning Carded WooIL™ Yam— freparatpryTrBatmenl—Soouring,Wa.liinD and Rinring. 
—Draining and Drying the Wool-Burr Sutraction -Opening and WilIowin»^iring the Wo^ 
—Carding— Condenaing— Belt Condcnxn— Steel Band Condeneer— Pine S^nning-The Mule 
—The Thmtle Frame— Supplementary Treatment— Supplementary Treatment leaving the 
Yarn unaltered— Treatment with a view to p.-oducing Novel Elfcite- Piniahing Yam— Packing. 
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Step Pluhingh— XIX., Sup Pluhian (unlinucd).— XX.. Secret Oudan.— XXlI 
CMUitn.— Xiai, Hip and Valley Soalwn.— XXIII., Dormer Window!.— XXIV- Dormer 
Windowe ((iDntiniiAl)._XXV, DDrmerTopL— XXVI., Internal DDrmera.-XXVII., SliylishE*. 
—XXVIII., Hip* and Ridgiofr— XXIX- Hipe and Ridaiog <contioi»il).-XXX., PiiiDBi for 
Hip* and Riding.— XXXI, OrnanieatalRidaina.—XXXl1.7oriuaiental Curb RotlL—XXXlIU 
Curb Ralh.^^lCXXIV„ Comicea.— XXXV.. Towcn and Piaiali.- XXXVI, Towera and Piniala 
(a>ntinued)._XXXVII..To<venandPinia1a<ctn»tniied).~XXXVIII,DDnKi.— XXXIX, Donwa 
(Gontingad).- XL, Omamentil Lead Work.— XLI., Rain Water Heads.- XLII, Rain Water 
Heada (continued).- XLIll, Rain Water Head* {nontinued). 

Pr«ss Opinions, 

lead work."- flifmiHgAam Daily Post. 

'■ It i> Ih irouglily practical, containing many valuable tiinta. and cannot fail to be o( great 
benefit to IhoM who have not had large eiperiencc."— iumlory/oumal. 

"Works on Ban iiani. plumbing are by no means rare, but Irealiaes dealing with eilemal 

HINTS TO PLUMBERS ON JOINT WIPING, PIPE 
BENDING AND LEAD BURNING. Third Edition, 
Revised and Corrected. By John W. Hart, R.P.C. 184 Illustrations. 
313 pp. Demy 8va. 1901. Price 73. 6d. ; India and Colonies, 8a.; 
Other Countries, 8b. 6d. : strictly net. 
Contents, 

Introduction — C apteri I., Pipe Bending.— II., Pipe Bending (continued).— III., Pipe 
Bending (continued).— IV., Square Pipe Bendinga.- V., Half-circular Elbowa.— VL. Curved 
BendH«iSquirePipe.—VI1.,^o»cdBenda.— ^11, Curved Flinth Bende. -IX, Rain-water 
Shoea on Square Pipe,— X., Curved and Angle Bendi.- XI, Squarv Pipe Pininga.- XII., Joinl- 
wiping.-XIlI, Substitute* for Wiped Joinu.— XIV., Preparing Wiped Joints. —XV, Joint 
F>it>ngs.-XVI.,PtunibinElrani.--XVIl., Joint Piiiinga.-XVIII., Use of "Touch" in Solder- 
ing.— XIX.. Underhand JoinIL— XX., Blown and Copper Bit JoinIL— XXI., Branch Joints.- 
XXII., Branch Joint! {ontinucdk-XXIIl, BkKkJointB— XXIV, Block Joints (continued).- 
XXV., »o<:k Fiaingi.- XXVI., Astragal Joints— Pipe Pising*.— XXVII, Large Brunch 
Joint*.— XXVIII., Large Underhand Joints.- XXIX, Solder*.— %CX., Autf^nou* Soldering 
or Lead Burning.- Indei. 

Press Opinions. 

"Rich in useful diagrams as well as in h int.. "-Z-iui .pool Mircury. 

"The paper* are eminently practical, and go much farther into the mysteries they describe 
than the title* Hints' properly suggests." — Scotsman, 

" The article* are apparently written by a thoroughlv practical nuit. As a practical guidt 

" So far a* the practical hint* in this work are concerned, it will beu*eru1(oapprantice*and 
students in technical schoolB. a* it deal* mainly with the mou important or difficult branche* 
of the plumber'* cralt, gii., joint wiping pipe bendir^ and lead burning. . . . 'Hint*' ar* the 
most useful things to an apprentice, and tliere are many in this work which are not Id be loaM 
in some of the teit.book*."— £ii?JuA Meckanic. 

"22 Pbybe Street, Hull, 14lh Noiumber. IBM. 

"Oentlemen,- Your boohs to hand for which accent my be*t thanks, also for circulars. 1 



THE PRINCIPLES AND PRACTICE OF I 'DIPPING, 
BURNISHING, LACQUERING AND BRONZING 
BRASS WARE. By W. Norman Brown. 35 pp. Crown 
8vo. 1900. Price 2b. ; Abroad, 2s. 6d. ; stricUy net. 
Contents. 

Chapter* I, Cleansing and Dipping: Bailing up and cleansing; Dipnina.— II, Scratch- 
bniihing and Burnishing; Polishing; Bumishine.— Ill, Lacquering; TooTs; Lacquers.- 
IV., Broniing: Black Bronzing; Plorentine Red Broniing; Green Broniing.- Indcs. 

PresH Opinions, 

i* clearly a matter of his craft, and hat alio the immenae advantage of being 

in all its bninclw*. and one wbkh 
Hs lacquering to da<"— f nsABirt/^r. 
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"WORKSHOP WRIHKLES for Decorators, Painters, Paper- 
hangers and Others By W. N. BROWS, Crown Svo. 128 pp. 1901. 
Price 28. 6d. ; Abroad, 3b. ; strictly net. 
contents. 

Prntt I., Decoraling.— II.. Painting— [II , Paper-hwiging.— IV., MiKtllmieotu. 

Press Opinion! 

UMrly iwery lubjccr Ihey in m need of —Bvtldmg Nrws. 

HOUSE DECOHATINO AND PAINTING. By W. 

Norman Bbown. Eighty-eight Illustrations. 150 pp. Croivn 8vo. 

1900, Price 3s. 6d. ; India and Colonies, 4s. ; Other Countries, 43. 6d. 
BtrictJy net. Contents. 

ClupHnl., Tools MndApfluincn.—lI.. Cokxinund Their Karmwiy.-llU Pifjiitnu and 

Vlu'prepmtioB rf Work, clc— VIIL. ApStalion of Ordinnry Colour— IX '"g mining!— 
X, Gnintng.— XI., Ornlning.- XII., Gilding.— XIII., Writinn uid Leliehng.— XIV.. Sign 
PBialing.— XV., InMnml Decoration.— I iitl». 

Press Opinion. 

" The author it evidently very thoroughly at home in regard to (he technical mbjecre he has 
•et himself to elucidate, from the mechanical rather than the artistic point of -viev^, although 
the matter of correctnesB of ta«< is b^ no meana igoored. Mr, Broa-n'a Hyle ii directneo 
itieK, and there ia no tyro in the painting trade, howiver mentally ungifted, who could fail to 

BlUStBg iJuinJl-ws. 

A HISTORY OP DECORATIVE ART. By W. Norman 
Brown. Thirty -nine Illustrations. 96 pp. Crown b\o. 1900. Price 
2s. 6d, ; Abroad, 3s. ; strictly net. 

Contents. 

Chaplera 1., Primitive and Preniatoric Art.— II., Egyptian Art— III., Aaaynan Art.— IV., 
The Art of Asia Minor.- V.. Etruscan An.— VI., Greek Art.— Vll., Roman Art.— VIIL. 
Byuintine An,— IX., Lombard or Romanesque Art.— X., Gothic An.— XI., Renaissance Art.— 

Press Opinion. 

"In the course of a hundred pages » ith some forty ill ustrations Mr, Bniwn gives a very 

cuinol, ^ course, be pretended .that in the limited space nameil the subject is treated es 
hauslively and in Full detail, but it is sufficiently complete to satisfy any ordinary reader; 
indeed, for general purposes, it is, perhaps, more acceptable than a more elahoraie treatiae."— 
Midland Counties ifiraU. 

A HANDBOOK ON JAPANNING AND ENAMELLING 
FOR CYCLES, BEDSTEADS, TINWARE, ETC. By 
William Norman Brown. 52 pp. and Illustrations. Crown Svo. 

1901. Price 2a. ; Abroad, 2s, 6d, : net. 

Contents. 

A Few Words on Enamelling— AppUancea and Apparatus- Japans or Enamels— To Test 
Enamel for Lead— Japanning or Enamelling Metals-Japanning Tin, such as Tea Trays, and 
similar Goods— Enamelling Old Work— Enamel for Cast Iron- Enamel for Copper Cooking 
Utensils— The Enamelling Stoic- Enamelling Bedsteads, Frames and similar large pksMs.- 
Paints and Varnishes for Metallic Surfaces— Vamishei for Ironwork- Blacking for Iron— 
Procetsea for Tin Plaling—Galvanising— Metal Polishes- Colours for Polished Brass— A 
Golden Vamish for Metal— Painting on Zinc— Carriage Varnish— Japanese Varnish and its 
Application.-lnde< 

THE PRINCIPLES OP HOT WATER SUPPLY. By 
John W. Hart, R.P.C, With 129 Illustrations. 1900. 177 pp., demy 
Svo. Price 7s. 6d. ; India and Colcnies, 8s. ; Other Ccuntries, 8s. 6d. ; 
strictly net. 



IX.. Combined CyUnder and Tanfsystem with _ . . 
Boiler Eiplosions.— XI., Pipe Boilers.— XII. .Safety 
American System.- XV., >feating Water by Steam. 
Heating Power of Steam.— XVIII, Covering for Ho 
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Brewing and Botanical. 

HOPS IN THEIR BOTANICAL, AQRICULTDBAL 

AND TECHNICAL ASPECT, AND AS AN ARTICLE 
OF COMMERCE. By Emmanuel Gross, Professor at 
the Higher Agricultural College. Tetschen-Liebwerd. Translated 
from the German. Seventy-eight Illustrations. 1900. 340 pp. Demy 
Svo. Price 12s. 6<1. ; India and Colonies, 13s. 6d. ; Other Countries, 
15s. : strictly net. 

Contents. 

PART 1„ HISTORY OF THE HOP. 

PART II., THE HOP PLANT. Inti 

Flowrr oF the Wtmtlt Hop.— The Fruit a 
Pnip«g«Iioniin<IS»lecllonoFlheHop.— VarietiMotlheHop: (n) Red Hops: (6> Omn HofH ; 
<c) Pile Orein Hope.— Clauitl cation according to Che Period oF Ripeninn: 1. Early August 
Hnpt; 2. Meifium Early Hops; 3. Late Hopa.— Injurica lo Grovith ; MalFormaliona ; Diaeuei 
Produced by Corrdilioni of Soil Rnd CUmate : 1. Leavea Tarning Yellow, 2. Summer or Sun- 
fcr^nd, 3. Cones Dropcjntf OFT, 4. HoAey Dev, 5. DaRiadcFrom Wind, Hail and Rain: Vegetable 
Enemies oF the Hop: Animal Enemlo ot the Hop.— BencHcial Insecla on Kopn. 

PART 111., CULTIVATION. The Rniiircnienta of the Hop in Reaped ot Climate, Soil 
and Situation: Climate! Soil: Situation.— Selection of Varie[yandCuttiuBg.—PlintiugaHop 
Garden: Drainage; Preparinjl the Ground; Marking^out For Planting ; Ptanling ; Cultivation 
Bod Cropping ot the Hup Garden in the First Year.- Work to be Performed Annually in the 
Hop Osrden: Working the Ground; Cutting; The Non-culting System; The Proper Per- 
rormaneeoF the Operation of Culling: I. Method uf Culling: Cloee CuItJBg.OrdJniry Culling, 
The Long Cut, The Topping Cul ; Tl. Proper Season tor Cutting: Autumn Cutting, Spring 
Cutting; Manuring; Training the Hop Plant: Poled Gardens, >nnM Training; PrincJpS 
TypeeoF Framea; Pruning, Cropping, Topping, and Leaf Strippi^ng tht Hop Plant; Pidiing, 
dH^ and Baggi-ifr-Principal and Subsidiary UtilimationoF rfopi and Hop Oarden.—LiK 

*" PART lV.-^PreaervBt1on"andStorage.— Physical andChemical Structurt'of the'Hn|. Cone. 
— Judgmg the Value of Hops. 

PART v.— Statistics ot Pruduclion.— The Hop Trade.— Index. 

Press Opinions. 



Wood Waste Utilisation. 

THE UTILISATION OP WOOD WASTE. Translated from 
the German of Ebnst Hubbard. Crown Svo. 1902. Fifty Illustra- 
tions. Price Ss. ; India and Colonies, Ss. 6d. ; Other Countries, Ss. net. 

Contents. 

Chapters 1, General Remarlis on thf Utilisation of Sawdust— II., EmplDymenl of Saw- 
dust aa Fuel, with and wilhout Simultaneous Recovery of Charcoal and the Producta of 
DiBlillation,— III,, .HanuFacture of Oialic Acid from Sauirdml- (1) Procen with Soda Lye; 
<» Thorn's Process; (3) Bohlig's Process.— IV., Han ufeeture ot Spirit (Ethyl Alcohol)froin 
Wood Waste— Patent Dyes (Organic Sul|riiidet. Sulphur Dyes, or Mercapto Dyes).— V.. 
Artiflctal Wood and Plastic Compoaitions from Sawdust— Production of Artifleisl Wood 
For Moulded Decorations— VI., Employhient of Sawdust for Blasting Powders 
lera.- VIL, Employment ot Sawdust For Brtquelles— Employment of Sawdust 
ic Industiy and as an Addition to Mortar— Man ufasture of Paper Pulp From 
""I., Various AnilicationsoF Sawdust and Wood ReFuse— Calcium 6irbi' 
.__ ilosaic Plaq - . - - _. .. . 

L,The Production of W 
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Foods and Sweetmeats. 

THE MANUFACTURE OF PRESERVED FOODS AND 

SWEETMEATS: A Handbook of all the Processes for 

the Preservation of Flesh, Fruit and Vegetables, and for tbe Prepara- 
tion of Dried Fruit, Dried Vegetables. Marmalades, Fruit-Syrupa and 
Fermented Beverages, and of all kinds of Candies, Candied Fruit, 
Sweetmeats, Rocks. Drops, Dragtes. Pralines, etc. By A. Hausnbr. 
With Tw?nty-eight Illustrations. Translated from the German of the 
third enlarged Edition. Crown Svo. 22.S pp. 1902. Price 7s. 6d. ; 
India and Colonies, 8s. ; Other Countries, Bs. 6d. net. 
.'Contents. 
Part I.. The Manuractur* ot Con«ry«*.— Chaplin I., Inlrodu«ion,-II.. TbeCauK* of 
Ihe PutrttMtion ut Food. -Ill, The Chemical Comf-Htt/on of Pood»..-IV., The ProdgcH of 
Decompoaition.— v.. The Caiasai ot Fcnninlal.on lai Piitrat.ction.— VI., PreMTvative Bodio. 
—VII.. The Varioia Helhods ot Preserving Food.— VIH,, The PnMrva.ion of Aninul Food,— 

Pr««r"tion'ot Mmi by^Dfy?ng.-Xll"The Prta^rvat^'o^Hatbs th^ Bioluakm ot'Air.— 
XIII., TheAp[er1Method.-XlV.,Pr™ervingFlMh by Smoking. -XV.. Quick Smoiiing.-XVI, 
PmervinBMeitwithSalt.— XVII.. Quick Salting hy Air Pm>un.-XVl1].,Qt.rcl. Salting by 
Liquid Preuun.— XIX.. Gameee's Method of Preservin. Meal.- XX.. The Preaervalion of 
Egg*.— XXI„ Preaervatioi) ofAVhin and Yolk o( Egg.— ^Xll., Milk P«Mrvation.— XXUI., 
CondcnHd Milk.- XXIV., The Preservation of Fal.—XxV., Manufacture of Soup Tabkrts.— 
XXVl.—Meat BiKults.— XXVII., Extract of Beer.-XXVUl.. The PreservitiDnof Vegetable 
Foodi In GeMraU— XXIX— Compressing Vegetables.— XXX., Preservation of Vegetables by 
Appcrt'i Method.— XXXI., The Preiervation of Fruit- XXX 11.. Pwervation i^ Fruit by 
Storage.- XXXIII. Tbe Preservation ot Pniit by Drying.— XXXIV., DrylngPmitby Artiflclal 
Mat.— XXXV.. Roaitlng Fruit.— XXXVI., The PreHrvatioii of Fruit with Sugar.-;XXXyiI., 

OlyoeHne.— XXXIX."preKrvation of Fruit without BoHing.— xL, ^tnMan'ufaetun.— XLU 
The Manufacture of Fruit Jellies.- XLII.. The Making of Gelatine Jelliea.— XLIII., The 
Manufacture of "Sullen."— XLIV., The Pmervation of FernKnted Beveragei. 

Part II.. The Manufacture of CandlM.— Chapiera XLV., Introduction.- XLVl.. The 
Manufacture of Candied Pruit.— XLVII.. The Manufacture of Boiled Sugar and Caramel.- 
XL VIII.. The Candying of Fruit.- XLIX., Caramelised Pruit.-L., The Manufacture of Sugai^ 
sticks, or BarieySuiar.—LI,. Bonbon Malring.-LIL. Pruit Drops.- LIII . The Manufacture 
of Draa*es.— LIV.. The Machinery and Appliances used in Candy Manufacture.— LV., Dyeing 
Candies and Bonbons.— LVI„ Bssential Oils used in Candy Making.— LVII., Fruit Esseocei.— 
LVIII., The Manufacture of Filled Bonbons, Liqueur Bonbons ana stamped Loienges.— LIX, 
Recipes for Jams and Jellies.- LX., Recipes for Bonbon Making.— LXl.. Drag«ei,— Appendix 



Timber Trades. 



TIMBER : A Comprehensive Study of Wood in all its Aspects 
(Commercial and Botanical), showing the DilTerent AppticaCions and 
Uses of Timber in Various Trades, etc. Translated from the French 
of Paul Charpentibr,~ Expert Chemical Engineer, Assayer of the 
French Hint, etc., by Joseph Kennell. Royal 8vo. 437 pp. 178 
Illustrations. 1902. Price 12s. 6d. ; India and Colonies, 13s. 6d. ; 
Other Countries, ISs. net. 

Contents. 

Preface.- Part 1., Pbyilcal and Cbemlcal Pnipertlec ot Timber.— Chaptera I., Com- 
position of tbe Vegetable Bodies— Chief Eiementa- M. Premy's ReseaKhea.-.II., Elementary 
Organs of Plants and especially of Forests,- III., Different Parts of Wood Asatomically and 
Chemically Considered.-lV., deneral Properties of Wood. 

Part l[., DcKrlpUon of tiw Different KIndi of Wood.— Chaptert V., Principal Beieacea 

Part 111., Dlvldon oi tha UMtm Varictlei ot Timber In the Different Coantria of 

tbeQIobe.— Chapten VII., European Timber.— VIII., African Timber.-IX, Asiatic Timber 
—X., AmeHcan Trmber.— Xl„ Timber of Oceania. 

Part IV.. Poreill.— Chaptera XII., General Notes as to Foreita : their Influence.— XIII. 



Part V,. The I 

Progreaaof Deterioration- History of Diffi 
SufSrficiil Carboniaation of Timber.— Xi: 
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Part VI., ApplkBtloni Dl Tlmbe 

Paving-TimbH-tor Mina-Railwayl 
of M. Fremy— Rrairn— BarkB— T»n— 
to Art «id Dyeing.— XXVI., DiRerci 



Fancy Goods Manufacture. 

THE ABT OF DYEINQ AND STAINING MARBLE, 
ARTIFICIAL STONE, BONE, HORN, IVORY AND 
WOOD, AND OF IMITATING ALL SORTS OF 
WOOD. A Practical Handbook foi- the Use of Joiners, 

Turners, Manufacturers of Fancy Goods, Stick and Umbrella Makers, 
Comb Makers, etc. Translated from the German of D. H. Soxhlet, 
Technical Chemist. Crown 8vo. 168 pp. 1902. Price 5s, ; India and 
Colonies, 6s. 6d. ; Other Countries, 6s. net. 
Contents. 

Prcbce.— Introductioii.— CliapMn 1., Mordanta and stains: AodB,' AllmlicB, Iroa SalU, 
Copper Salta, Aluminium Salt!. Chromium Salla, Tin Sails, Lead Salts, ManganeH SalCa. 
SUvcraodOoklSHlti.— II,. Natun(tDyR:Rcd wood, Red Sandalmwil.MiildeF.Oii^hil, Cudbear, 

Weld and ilssubetitutei. Pergian BerHcB. BarbenV Root.indigo, Logwcxxl.Culch. Galit, Sumach, 
Knopptm.— III., AniBdal Pigmenta: While Lead, Naples^ellow, Red Lead, Smalls, UKni- 
Manne, Cinnabar, Prusau Blue, Orpiment, Realgar, Chrome Green, Chrome Yellow, Clinnie 
Red, Chrotnc Orange, Mosaic Gold, Green Mineral Colour*, Red Ochres. Rouge, Cadmium 
Yellow.—lV., CoalTar Dyes; Reds, Yellows and Oranges, Blues, Violets. Oreens, Bitiwna, 

Marble and AniHcial Stone; Red, Violet, Blue, Green, Vcllow, Onu^c. Brown, Black, B.ecu- 
tioa ol PHTti-Colaurtd DcsigflB.— VI., lacing. Bleaching and Imitation of Bone, Horn and 
Ivory— Bone Bleachino—Dyeing Bone: Black, Red. Yellow, Blue, Violet, Oreen, Grey and 
Brown— Horn, Bleachmg and Whilening-DyEing Black, Oiey, Bnnrn, Blue, Green, Violet 
and Red— Imitation of l^oiseahel] lOr Combt; ^lowt. Dyeing Nuts,~lvory: Dyeing Black, 
Red, Yellow, Blue, Violet, Green, Grey and Bro»-n— further Remarlis on Ivory Dyeing.- VII.. 
Wood INeing : Black, Grey, Brown. Violet, Blue, Red, YeUow. Oreen— Imitation of Maliogany : 
Dark Walnut. Oak, Bircb-Bark. Blder-Manguetry, Walnut, Walnut-Marquetry, Mahogany, 
Spanish Mabc^any. Palisander and Roee Wood, Tonoisesbell, Oak, Bbony, Pear Tree— Black 

Polish, Vienna Furniture Polish, Amber Varnish, Copal Varnish, Composition Tor Preserving 
Furniture.- Indei. 

Building and Architecture. 

THE PREVENTION OF DAMPNESS IN BUILDINGS ; 

with Remarks on the Causes, Nature and Effects of Saline, Efflores- 
cences and Dry-rot, for Architects, Builders, Overseers, Plasterers, 
Painters and House Owners, By Adolf Wilhelh Keih. Translated 
from the German of the second revised Edition by M. J, Salter, P.l.C, 
P.C.S., Member of the German Chemical Society of Berlin. Eight 
Coloured Places and Thirteen Illustrations. Crown Bvo. 115 pp. 1902, 
Price 59, ; India and Colonies, Ss, 6d. ; Giber Countries, 6b, net. 
Contents. 




Effect on Health, iti 
sihods of Preventlag 
ithods ol Preventing Dry-rot.— 
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Iron. 



SIDEROLOaV: THE SCIENCE OP IRON (The Con- 
stitution of Iron Allwg and Slags). Translated from German of 
Hanns Freiherr v. Zcptner. 350 pp. Demy 8vo. Eleven Plates 
and Ten Illustrations. 1902. Price 10s. 6d. ; India and Colonies, lis. ; 
Other Countries, I2s. net. 

Contents. 

Book 1.. Tba Tbcory ol Solutlao.— Chiplm I., Solutiunt.— 1[., Molten AJJoyi-Vinetiu , 

Propertia of SoJutiona.— V., Onnolic Pnsnirc and Moleculir Weishl of Ihe Dissolved Sub- 

itmcc— V[., SoJutioDi at G>«i.~VII., Solid SaluIiona^VlII., Sa]ubUity.~IX., Difhnitn.— 

X., BtactiScMlConduclivity— Con«titutk)n()FBtcctraJvtauidMclals.---XL,Tii«Tnil EnpuuoB. 

Book ll„ Mlcracrapby.— Chapun I.. G«neni1.~ll., Hicroetnictu™.— HI,, TTw Micro- 

C«itent, >nd ThcmaJ Trulnicnl of Iron Alloyt.— V., Tht Microwructure of Sla«i. 

Book II I., Chemical Compoaltlon of tlH Allay* ol Iron.— Chapten 1., IntroductHMi.— 
II., Cowtituent. of Iran Alloys-^rtjoi..— 111., Constituent, of [h* Iron Alloy*. Crlion— 

Curtxm lCtmliaualiOfii.—V., Opinions and Re^>eS(rches on Combined CartNin [Cmflusion).— VI, 

oTtbc Chemial Composilion of the Csrbon prtMnt in Iron Alloyi.— Vll., The Constituents of 
Irwi— lion.— Vlll., The Contlituentsof Iron Alloys— Manguiese.— IX., Remjiinin^Conttituaita 
of Iron Alloy»-A Silicon.— X., Gmes. 

Book IV., The Chenlcal Compoiltlon ol Slaf.- Chapten I.. Introduciory.- [], Silicaie 
Slaji.-III.. Calculating the Composition of Silicate SUgi.— IV., Phosi^iat* Slags.— V.. Oiide 
Slags. — ^Aippcnd in.— Index. 

WORKS IN PREPARATION. 
TREATISE ON CLOTH FINISHING. By Robert 

Beaumont, of Yorkshire College. Leeds. 

WEAVING MACHINERY. Three Vols. By Harry Nisbet. ■ 
COLOUR TERMS ; THEIR PROPER USE AND 

MEANING. By David Paterson. 
USE OF WATER IN THE INDUSTRIAL ARTS. 
CHEMISTRY OF DYE STUFFS. Translated from German 

of Dr. Geohg von Georglevics. [/k the press. 

SUGAR REFINERS' HANDBOOK. 

ART OF BOOKBINDING. 

DENTAL METALLURGY. 

PRELIMINARY COTTON SPINNING AND WEAVING. 

By Waltkb Bailey. 

VENTILATION OF MINES. By Robert Wabner. Royal 

8vo. Thirty Plates. About 250 pp. 

SIMPLE METHODS FOR TESTING PAINTERS' MA- 
TERIALS. By A. C. Wright, M.A., B.Sc. Crown 8vo. 

Eight Illustrations. [In the prist. 

SEALING WAXES AND OTHER ADHESIVES. By H. 
C. Stan DAG E. 

HANDY GUIDES TO THE CHOICE OF BOOKS. 

Vol. I. PROSE FICTION. 

Vol. II. CLASSIFIED GUIDE TO TECHNICAL, 
TRADE AND COMMERCIAL LITERATURE. 

others tofoUoai. [In prtparalioH. 

The Publishers will advise when any of Ike above books are 
ready to firms sending their addresses. 
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